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• ANNOTATION

This book provides a systematic presentation of the

theory ana practice of high-speed ballistic ranges, surveys

o:_ the modern methods used to study high-speed phenomena, and

_ examines the results of studies of the processes taking

place during high-speed motion of bodies of various shapes

in gaseous and solid media. The book is intended for

scientists, engineers, physicists, and technical personnel

of the scientific research institutes studying the aero-

dynamics, gasdynamics, and mechanics of continua,• and also
"L"

_'_ for graduate students and upper-level students in the physi-

,. cal and mechanical sciences.
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_,_' EDITORS' FOREWORD

_:. The latest achievements in aerodynamics, gasdynamics, and

.• dynamics of solid media have been possible only as a result of the

successes in developing experimental techniques, particularly the

ballistic methods. However, to date, no books have appeared in the

_" Soviet scientific literature which acquaint the interested reader

with the fundamentals and details of these methods or with the re-

sults of studies being made using t.ese methods. The present volume
J

is the first attempt to satisfy this need.

_." We present a systematic discussion of the theory and practice

of high-speed ballistic test facilities, survey the modern methods
r_
/_._ for studying high-speed phenomena, and examine the results of studies

_i: of the processes taking place during high speed motion of bodies of

_ different shapes in gaseous and solid media.,_i:,: The book is based on the results of developments and studies
I ......

performed by the authors• Along with the obvious advantages, this

'_ has its drawbacks, since in this approach we may inadvertently fail

• to examine some aspects of the problems associated with application

o of the ballistic methods. The team of authors will be grateful to

anyone who points out such omissions, and also those who may offer

_ critical comments regarding the subjects discussed in the book.

.°
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.... The present volume was already prepared when Mir Press pub-

lished in late 1971 the translation of the collection _,I'articles

'i_i entitled Physics of High Speed Processes (Kurtzzeitphysik, Vienna -

: New York, 1967). It appears to us that this collection of articles

ii_ and the present volume complement one another quite well in regard

_. to several questions, and the bibliographies of the two books pro-

- vide quite exhaustive information on these questions from the

original studies of Soviet and foreign investigators.

We hope that the present volume will be useful to the scientists,
:.
: engineers, physicists, and technical personnel of the scientific re-

search institutes studying the aerodynamics, gas_ynamics, and mech-

anics of continua, and al_ to the graduate ctudents and upper-level

students in the physical and mechanical specialties.

Chapters I and II were written by the late N, N, Popov, Chapter

III --by G. I. Mishin, Chapter IV -- by N, A. Zlatin, and Chapter V

_ , -- by A. P. Krasil'shchikov.

_ N.A. Zlatin

G. I. Mishin

1 V
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i _i.: INTRODUCTION

In the course of technical progress, the scientists and engi- /7___*

.... neers are faced with new and increasingly complex problems. Resolu-

tion of these problems is impossible without the use of moaern re-

search methods which correspond to the level of the tasks. Thus,

in the fifties, the rapid development of energy, space, aviation,

ii ana certain other branches of new technology required study of pro-

cesses characterized by speeds of the order of several kilometers or

- tens of kilometers per second. Such processes include, for example,
_,

spacecraft motion in various gaseous media, interaction of space-

craft with meteoritic bodies, and so on. It is obvious that, in

_ • order to study these processes, it was first necessary to develop

_ methods for imparting high velocities to bodies of different, but

known, shapes and sizes. It was then necessary to development equip-
ment to record those parameters of these hlgh-speed processes which

_ . are of interest to the investigators. Finally, it was necessary to

_J_ construct physically valid models of the processes in question and

.=_ formulate computational schemes.

_:,,;.. It is well known that the conventional artillery and gun systems

: can give solid bodies velocities which do not exceed i000 - 1500
,L

_+ m/see. If we elongate the gun barrel in these systems (to 160 ca]i-

__'___z, bers or more) and use powder charges whose weight is Lln order of

i._ Numbers in the margin indicate paglnatlon in the orlg_nal f'orclt_n
- text.

1
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.,. magnitude greater than the wei_ht of the body being launched, the
_.i.... launch velocity can be increased to about 2000 - 21300 m/see. How-

° ever, further increase of the muzzle velocity using conventlonal

_ powder systems is not possible in principle. The reason is that the
powder gases have high molecular weight (about 28), i.e., they are

i ' characterized by re]atively low sound speed and, consequently, low

expansion (discharge) velocity. Therefore, it was necessary to find

a fundamentally different solution of the problem.

_ . And such a solution was found. The use of light gases (hydrogen

and helium) for acceleration of the bodie_..was proposed. Filling

the launcher breech with a ligh_ gas and use of a powder charge to /8

increase the gas pressure and temperature make it possible to reduce

= ' the molecular weight of the working gas mixture to 14 - 15, and raise

_ the muzzle velocity to about 3000 m/sec.

An important step in light-gas development was the use of' a pis-

' ton to separate the launcher breech into two volumes (the "two-stage"

principle). One of these volumes was used for the powder charge,

- and the other _ adjacent to the barrel _ was filled with the light

gas. When the powder charge was ignited, the piston began to move,

compressed the light gas, and the latter, as it expande_ imparted

velocity to the projectile.

.... The idea of using the two-stage principle for high-speed launch-
i , L/
_ - ing was very fruitful. By the middle of the fifties, there were

_ several dozen two-stage light-gas launchers in various countries.

• The experimental studies made using these facilities made it possible

to find optimal designs for the various light-gas launcher components.

Launch velocities of i0 km/sec, and even higher, were achieved in

some of these ranges.

Such velocities exceed markedly the speed of sound in the work-

ing gas. This means that the wave effects arising in the working

gas will play a major role in the light-gas launchers. Consequently,

calculation of the structural and ballistic parameters of the ligi_t-
o °-

" gas launchers cannot be based on the classical ballistics methods,

/

2
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I .......
_!_-i which neglect the wave processes, and require the development oi' a

_]_//i_i'_' branch of internal ballistics _ high-velocity light-gas launcher

i_]_ii<J_"" theory _ is the solution of the general equations of gasdynamics

i_'/_'_!_: by modern computational mathematics techniques.

The first and second chapters of the present volume are devoted

to presentation of the fundamentals of high-velocity light-gas

launcher theory, and the principles involved in calculating their

structural and ballistic parameters.

_:' The modern ballistic ranges are a complex consisting of a power

or llght-gas launcher, which imparts to the projectile (model) the

required velocity and a definite mode of motion, and the instrumen-
y!z•

tation, located along some segment of the model motion trajectory.

The nature of the ballistic method, both when studying the col-

iI lision of solid bodies and when conducting aeroballistic studies, is

_a,_. a result of the fact that the model displaces in space and the dura-

tion of the observed processes is short. Therefore, high-speed re- /9
{,

cording and measuring techniques must be used.

i:::_4,,_ At present, several highly effective methods, based on the latest

_ ' achievements of electronics, optics, radiography, high-voltage engi-

neering, and so on, have been developed for studying high-speed pro-
. cesses. In examining these methods, we must first of all note high-

.. speed photography in visible light, accomplished basically with the

f' aid of spark and laser light sources, which make it possible to ob-

tain pictures with nanosecond exposure duration.

_ The electro-optical shutters are convenient tools for studying

self-luminous objects. As for hlgh-speed processes of low bright-
i ..

hess, here the use of electron-optlc converters opens up wide possi-

bilities. These converters make it possible to obtain photographs

with exposures lying in the picosecond range.

..
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"" Pulsed radiography of' high-speed processes in nontransparent

_ media is now highly advanced. The modern pulsed radiography equip-

ii!i ment makes it possible to obtain high quality p_etures with exposures

of a few nanoseconds.

The electronic synchronizing and timing circuits have achieved

significant progress. They provide reliable control of the complex

ii' recording equipment, and make it possible to study the development

of the phenomenon in time with high precision.

The principles used in constructing the instrumentation and the

measurement techniques used on ballistic ranges are described in

Chapter III.

_i The solid body collision problem must be listed among those whose
_ ,, sollution requires use of the high-speed launcher, together with th_
b

_. apparatus for recording high-speed processes.

_ The problem of the collision of two (or more) bodies is one of

_. the oldest problems, and study of the solid body collision process

in order to establish the laws governing this process has attracted

:_ scientists and engineers for many centuries. The interest in this

problem has increased markedly in the last decades. While previously,

the collision velocities used ranged from about one meter per second

•. (forging practice) to about I kilometer per second (artillery), at

the present time, the development of geophysics, astrophysics, high-

: pressure physics, and several _ew engineering branches requires

clarification of the laws governing the collision of solid bodies

" at encounter velocities varying over a wide range _ up to i00

-' km/sec. For example, the previously mentioned velocities of meteoric

i: body encounter with spacecraft may reac_, these high values.

On the basis of very general physical considerations, we would /i0

_ expect ttmt the laws governing the collision of solid bodies at

_ velocities on the order of i0 km/sec and higher will differ signlfi-

m cantly from the laws which hold for velocities of 1 to i000 m/sec.

4
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And this is indeed tbc case. Studies of man_ Soviet and foreign

scientists have shown that wave phenomena and hydrodynamic and thor-

mal effects (melting, thermal explosion) play a definite role in

high-velocity impact of solid bodies. The basic physical laws gov-

erning the collision of metallic bodies have been established, and

models of the process have been proposed.

Chapter IV is devoted to discussion of these question.

Another area of ballistic range application is that of aerody-

namic investigations, whose origins go back to the artillery engi-

neers in the nineteenth century in their studies of external

ballistics.

Advances in the aeroballistic method have been particularly rapid

in very recent years, in connection with solving the problems of

rocket and space engineering.

In contrast with the other aerodynamic research study methods,

in which we study the interaction of an accelerated flow with a sta-

tionary model or a model performing limited motion, the ballistic

experiment is, in essence, a flight test under laboratory conditions.

This technique has several advantages, and the ballistic test results

add significantly to the wind tunnel data. The most important advan-

tages of the aeroballistlc method are: wide range of Reynolds and

Mach number variation, possibility of obtaining high Mach and Rey-

nolds numbers and high stagnation enthalpies, absence of any model

supports, undistrubed approaching flow, precise and reliable control

of all the approaching flow parameters, and the possibility of study-

ing unsteady aerodynamic phenomena.

The ballistic ranges intended for aerodynamic and gasdynamic

studies can be divided into two types. The first includes the

ranges which are termed aeroballistic stands. In these ranges, the

test model is launched into stationary air ("open" ranges) or into

a chamber in which the gas pressure and composition, and sometimes

the temperature as well, can vary ("closed" ranges).

5
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The _cond type includes the ranges ;In which the mode] i_

launched counter, to the supersonle flow of a wind tunnel. Such

ranges are termed aeroballlstie tunnels. Experiments with Math num-

bers as high as 83 have been conducted in ranges of this type. Maeh /i__I

numbers of this o.eder have not been realized in any other facilities.

.. The ballistic method is used at the present time to determine the

aerodynamic characteristics of models in air and other media, study

the physical and chemical phenomena accompanying the motion of bodies

at supersonic and hypersonic velocities, and so on. The possibili-

ties of the ballistic method for study of the gasdynamic and physical

processes in the near and far hypersonic wake are promising.

Chapter V presents schemes of ballistic ranges of various types,

describes the experimental techniques, and evaluates ._ome results

illustrating the capabilities of the aeroballistic research method.

F.

)),,

L," 6
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CHAPTER I

_!i HIGH-VELOCITY LAUNCHERS

:" § i.i. Preliminary Remarks

A new trend has developed in the last few decades in the field of /i___22

artillery engineering- the creation of high-velocity launch facili-

ties, i.e., devices for launching bodies with velocity exceeding

2500 - 3000 m/sec. Because of the fact that light gases (hydrogen

or helium) are used in these facilities, they are usually termed

i light-gas guns and light-gas or gasdynamic ranges. In the following,

i'[ the hlgh-velocity launchers in which hydrogen or helium is used as
,-_i the driver gas are designated in abbreviated form as-LGL. At the,

present time, LGL are used to impart velocities exceeding iG,000 -

_._ 12,000 m/sec to bodieE. The LGL are used to conduct scientific

studies in the field of solid body collision aerodynamics and physics.

o i. In addition to the LGL, in laboratory studies we use high-velo-

i city launchers in which the body is accelerated by electrodynamic

forces, and also by shaped charges o£ various construction. Because

of the fact that primarily the power and light-gas launchers are

used in the modern ballistic ranges and stands, our attention in the

: followin_ will be concentrated on the gasdynamic methods for accel-
f

erating bodies.

" 7
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We shall discuss the general status of LGL theory, analysis,

design, development, and use,

I. Two basic trends can be noted in the field of LGL design

_,i,i, theory. The first is characterized by the tendency to obtain ap-

proximate analytic relations describing the projectile motion under

very "general" assumptions (see, for example [1 - 4]). The second

trend is chaIacterized by the tendency to obtain a precise picture

of the motion in all its complexity, with the aid of numerical meth-

_- .... ods If the exact solution is available, we can obtain an approxi- /13

...._ mate solution with the aid of certain approximations (see, for

° example [5 - 9]).

° II. In designing the LGL, we use various computational methods,

....._ both very approximate and quite rigorous• However, in most cases,

the calculation results differ significantly from the experimental

results (particularly markedly in determining the maximal gas pres-

sure). The explanation for this lles in the fact that even the most

advanced technique for gasdynamic calculation of the ballistic ranges
o

, must be based on several unavoidable assumptions (one-dimensional

flow, absence of viscosity, and so on). Therefore, experiment plays

a definitive role in high-velocity launcher development, and only

with the aid of experimeot can we introduce the required refinements

i_° into the computational technique and ensure LGL component operability

i and service life.

• III. The launcher efficiency can be evaluated if we recall that

the LGL are machines which are characterized by a definite thermo-
v

_- dynamic cycle, as a result of which the thermal energy contained in

_ ' the powder, capacity battery, and so on, is transformed into the

kinetic energy of the projectile. The efficiency of such devices

can be evaluated by the ratio:

...._ .... m F_

_ where m -- projectile mass, V -- projectile velocity, and Q --E!

L amount of thermal energy supplied.

" 8
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The efficiency of the various launchers correlates well with the

velocity imparted to projectiles by these launchers. This indicates

that the existing launchers have achieved a definite level of ad-

vancement from the viewpoint of the gasdynamics and thermodynamics

requirements. Therefore, we can consider that, at the present time,

the primary problem is launcher development to improve their opera-

tional qualities.

IV. The field of LGL use can be evaluated by examining the re-

lationship between the ratio of the powder charge weight _ to the pro-

Jectile weight q and the launch velocity (Figure 1.1). We see from

the figure that, in order to achieve /14

high launch velocities, it is necessary

to use heavy charges. For example, for q8oo
projectile weight 5 grams, a powder

charge weighing 2500 grams is necessary _oo......

/to achieve a velocity of 8000 m/sec. _o0...... r

Therefore, the high-velocity launchers
200 /

have found w_dest application under /

laboratory conditions for launching o 2oo0 _0c0 5ooo 8u_o_m/sec

relatively small bodies (weighing from Figure 1. Ratio of

0.01tol0 grams)*. The use of launchers powder charge weight to
projectile weight versus

of this type to launch heavy bodies re- launch velocity

quires the construction of special

stands. There are only a few such

stands in the entire world; however, their number is increasing all

the tlme.

At the present time, the LGL has passed the first stage of its

development, and is a tool which is wide].y used in laboratory studies

cf phenomena 'tzking place during the motion and collision of bodies

with velocities of 4000 - i0,000 m/sec.

_e recall that in conventional artillery, the ratio _/q varies from
0.] to 1.5.

9
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§ 1.2. Launch Physical Principles and Light-Gas

" Launcher Classification

.. The llght-gas launcher is a particular case of the artillery I

_ " weapon, which consists of two basic parts: the barrel (including the
"(t. :"

"i_ charge, projectile,• and so on), and the carriage on which the barrel

' is mounted.

In the llght-gas launcher, as in any artillery piece, launching

. of the projectile (body) is accompolished by the gas expanding in

the barrel. Energy is supplied to this gas either by burning powder

or as a result of precompression by a special piston, heating by an

electrical discharge, and so on.
_=.? , ,

The process of launching from any barrel can be represented

schematically as in Figure 1.2, which shows a barrel having the

length L, and also two position of the projectile -- the initial

position at the distance L c from
m

the breech, and the final posi- [ [] s ]B_-v

tion, when the body has traveled c ........z -

• the entire acceleration path Lba.
Figure 1.2. Launching a body

from a cylindrical tube
In order to understand the phy-

'J" sical basis of the launching process

: with the aid of expanding gas, and establish the factors which deter-

mine the launch velocity V, we need only examine the very simple case

of instantaneous power charge combustion.

Using the energy conservation law, we can write:

L

my, I dr..:.. ,(_-t)_"-_+-'T "+S , 2 --'
• - 0

._

where S- barrel area, p --gas density, u- gas velocity, m I --

gas mass, m -- projectile mass, a -- sound speed in the gas, K -- /15

adiabatic exponent. In this equation, the ideal gas internal energy

'" multiplied by the expansion process thermal efficiency _ appears on

i0

"..... _ -:_'.'LL_..... :__ _ " " _ '- ' i, i J I II I III
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:_,_,._,_ the left side, while the kinetic energy of the projectile and of the

._._,"',traveling In the barrel _ppears on the right

!_!_+. The integral in this equation is easily transformed:

0

where SPavL - rn1, and the average gas velocity Uav is expressed in

terms of the projectile velocity V (b., -- coefficient of propor-

tionality) :

i_: 2 = bt V_"
_. Uav .

.i"

....+ After transformation, we obtain easily from this equation the

_'_"!_.=+-'i well known bal!is_ics formula:

,, m "
...... _¢._- t) +bt (1.1)

_fi+i This formula shows that even in the limiting case, when the process

_i++?_ thermal efficiency is equal to unity, i.e., when the gas expansion
o_'_+, takes place without losses in an infinitely long barrel and the pro-

_ Jectile is infinitely light (or the launch gas mass is infinitely

m-,O ), the launch velocity cannot be higher than:++.o_' large, i.e., m-]

++,m+_, Vlimit = " (,_- t) _,+"

• In practice, the projectile velocity does not exceed the value*:,, io

........, --" (1.3)V_(t.8 .,,_) a.

z Thus, the projectile velocity is determined primarily by the

sound speed in the launch ga_. This is easily understood if we re-

call that the sound speed characterizes the ideal gas internal /__i___

++'+- energy E.

,, - _This will be shown in detail late_ _, in Chapter II
b_

ii

..........+...... +.____=+,,,,+.,,..,,._,m._.... --- IIIN IIII III I l----'llllI I
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In fact,

a2 (1.4)
£=-_coT----. _(__ i)"

Here, we have used the well known expression for the speed of

= sound in a gas:

a"----_'rIT (I._)

and the Meyer equation:

! c,--c,=a.

: If we introduce the universal gas constant R*, equal to:

R*-- R •_,

(1.5) takes the form:

[ " Thus, the sound speed in an ideal gas is determined by the gas

1_ temperature T and molecular weight _. Consequentl_, in order to

increase the launch velocity, we must increase the temperature of

the launch gas and reduce its molecular weight.

We see from (i.i) that, in the general case, the projectile

velocity is determined not only by the sound speed, but also by the

• adiabatic exponent K, efficiency n, coefficient of proportionality

b I and the ratio ml/m.

• If we use dimensional analysis, we can write an expression for

the projectile velocity analogous to (i.i), but having the more

- general form:

i.

Lba )-FI,',: (i. 6)T
7

'1, c,'P_,

_ °

12
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.. where V I -- transport velocity of the entire gas as a whc,]e, _

7 overall correction factor; f(ml/m , K, Lba/L c) -- a function of the
T

,. ratio ml/m , _, and the ratio of the barrel length Lea to the breech

: chamber length L c (this ra_io basically determines the firing
efficiency).

• In the following, we shall use the formula for the projectile

• velocity in this form.

The primary objective of launch theory is to determine the in- /17
=.

_- fluence of all the above-listed parameters on the projectile velo-.

city (i.e., determine the function f) and show the most promising

directions for launcher development.

,,,7

: Formula (1.6) shows immediately the three basic directions in

• which development of launchers with high launch velocity can proceed:

l) increase the sound speed in the launching gas, which requires

increasing the gas temperature T and reducing its molecular weight W;

2) increase the trznsport velocity V1; in practice, this is(o .

_ achieved by using a hydrodynamic (or plastic) piston, accelerating

,• the gas in the barrel by electrodynamic forces, and so on;

• 3) increase the coefficient ¢ by reducing all forms of losses.

_o

All these approache_ are reflected in the construction of exist-

ing launchers.

Let us turn now to classification of the high-velocity launchers.

• The launchers can be divided into two classes on the basis of

the principle used in accelerating the projectile.

.7

" I. Gasdynamic launchers in which the model is accelerated by

a gas (LGL).

• ]3
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: II. Electrodynamic launchers in which the model is accelerated

_.- by forces arising from the interaction of currents or from a mai_nctic

.... field. The electrodynamic launchers are subdivided into contact
,r,

and induction types.

The ga_dynamic light-gas launchers are subdivided on the basis

of construction principle into single-stage and multistage types.

In the slngle-stage launchers, the energy is supplied directly to the

working gas, either by combustion or by an electrical discharge; the

primary advantage of these launchers is their simplicity. In the

.... multistage launchers, the energy supply to the w_xrking gas takes

F "" place through intermediate stages -- for example, a piston is accel-

t .... erated and its kinetic energy is then transformed into compressedF
i _ gas potential energy, and so on.
L

The gasdynamic launchers are divided into three groups on the

basis of the principle of energy supply to the working gas:
,i

o

a) launchers with mechanical compression (piston or shock wave);

L b) launchers with electrical heating;

_:_ c) launchers with combustion.

The classification in final form is shown in Figure 1.3. This

classification covers practically all the known high-veloclty

_:_' launcher schemes.

Turning to a brief description of the various launchers, we em-

phasize that the objective of this description is not examination
r

of all known schemes (which is not possible at the preseDt time).

•..... We shall examine only the most typical schemes.

;.. § 1.3. Sin_le-Stase Gasd_namic Launchers

The simplest LGL are the single-stage gasdynamlc devices, whose

scheme is quite similar to that of the conventional firearm.
[

14
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High[velocity .
ii balli_tic..,range_ I

•............:......... it I iContact;
Singl_-stage Mu i-stage iInductionl

i= Chemlcal I E1 ctric_l IPiston! [..... Diaphragm __

•? [ .

i:]

Figure 1.3. Ballistic range classification

-_ : The simplest and apparently the first light-gas launcher was that

• in which the working gas was a light gas (hydrogen) heated by a pow-

, der charge. In this case, as the powder burns, a mixture is obtained

with molecular weight less than that of the powder gases, but with

. somewhat lower temperature. The maximal velocity attained in launch-o,

ing bodies from launchers of this type was close to the velocity at-

tained by the conventional powder systems, and therefore these sys- /19

• tems did not find practical application.

I
.,_: The next step in single-stage launcher development was the use,

_ as the working gas, of a mixture consisting of oxygen, hydrogen, and
.o

bf"o helium (OHHM _ oxygen, hydrogen_ helium mixture).

!
i

Figure 1.4 shows the basic characteristics of this working gas

• as a function of the oercentage helium content in the mixture. We

- see from the figure that the maximal sound speed and, consequently,

the maximal launch velocity are obtained with E _ 70 - 75%. In this

case, a0 _ 2330 m/scc.

In equipment using OHHM, a launch velocity of 3500 - 4000 m/s,_,c

.... may be achieved, Figure 1.5 shows a diagram off this equ]_m_ent.

/}

I I I me II I - I II -- -imam | i
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_ Figure 1.4. Characteristics Figure 1.5. Launcher using OHHM:
of OHHM as function of per-

centage helium content 1 _ electrical primer; 2, 3
breechblock; 4 -- igniter; 5 m cart-
ridge; 6 B model; 7 B gas cutoff

_)' The most promising barrier; 8 m frame-targets; 9 --
model catcher; I0 _ oxygen bottle;

among the launchers of the ii _ compressor; 12 m hydrogen bot-
subJec_ type is the tle; 13 _ helium bottle

| launcher with electrical

ii preheating of the light gas. Storage and capacitor batteries, induc-
_'... tion coils, and so on, can be used as energy sources for such launch-

_ ers. In the electrical preheating case, the gas temperature may
_

_ : reach i0,000 ° K or more. in this case, the working gas temperature
_o limitations are associated only with heat transfer through the walls

and questions of service life.

Figure 1.6 shows an elec- r--u__n _ _ _ , ! /

Itrlcally pulsed launcher in 2

which mechanical energy is 3-_ I _ _ _ _stored in flywheels, and the

electrical energy source is a _-'_=_ ...... _--_'_

unipolar generator [16]. The

launcher operates as follows: Figure 1.6. Electropulsed

the motor spins up the fly- launcher:
_- i -- flywheel; 2 -- homopolar gen-

wheels and the unipolar gen- erator; 3 -- clutch; 4 -- motor;

erator to the specified speed, 5 -- induction coil;6 -- primary
switch; 7 -- secondary switch;

after which the main switch 8 --- internal switch; 9 -- model;

triggers, and energy is stored l0 -- gas inlet valve; ii -- air
cylinder and piston, which break

in the induction coil; when the contact in the working chamber;

the energy storage process is 12, 13 -- pressure sensor; 14 --

_. completed, the primary switch (Caption continued on following
page)

.. 16
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o opens and current now Figure 1.6 (continued)

- flows only through the barrel; 15 -- vacuum chamber; 16 -- tar,-

: closed contact inside gets; 17 -- electronic chPonogr_ h

• the chamber. Then the

' contact in the chamber

Hopens. The energy I _ 3 _ ,__ 78

'_,',. tion coil is released

: in the chamber The
i

=--_o;- process lasts about

• 30 - 50 usec.

....';:. In other electro-

_'_ pulsed launchers, a _-"- _ - _I _ _
[. Ubattery of capacitors

o

- or other energy source

is used in place of Figure 1.7. Electro-impulse chamber:

•, the unipolar generator i _ cable; 2 _ collecting electrode;

• and the induction coil 3 _ electrode; 4 _ activation chamber
• " housing; 5 _ pin; 6 _ flange; 7 _ pro-

The capacitor battery tective ring; 8 _ sealing ring; 9

• provides shorter charg- gasket; i0 _ collecting electrode; ll
.. insulation; 12 - 14 _ seals; 15

_. ing time; however, it• flange; 16 _ pin; 17 _ plug; 18 _- gas-
, ket; 19 _ crusher gauge; 20 _ chamber;

is considerably more 21 _ bolt; 22 _ flange; 23 _ sleeve;

. _ expensive than the in- 24 _ seal; 25 _ ignition wire lead-in;

_- _'_ duction coil, and has 26 _ barrel

_.. larger dimensions.

_ Figure ]-.7 shows a general view of the electropulsed chamber in

- cross section. ._
3

_ A realistic temperature from the viewpoint of barrel service life

- for the electropulsed launchers can apparently be considered to be

- T _ 8000 ° K - i0,000 ° K, and therefore the maximal launch velocity

.._ ... for units of this type, when using hydrogen, is V = 8000 - 12,000

m/sec, and when using helium _ V = 7000 - 9000 m/see.

._

The actual launch velocity depends on the specific charact.ri_- /_____

tics of the electropulsed chamber, particularly on the _as pr_._ourc

17
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_.

_- and the relationship between the projectile mas_ and the ga._ ma_,

,,? and will be lower than the limiting value because of the considerab]c

...... increase of the gas molecular weight due to electrode erosion (usu-
,_ .

ally V = 5 - 6 km/sec).

'_. § 1.4. Multistage Gasd_namlc Launchers

,...... The multistage llght-gas launchers differ in principle from the

_ conventional artillery guns in that they include additional stages,

#"_'_'./ whose objective is preheating and compression of the light gas. The
'_- most typical LGL of this type is the two-stage piston launcher.

The light gas in chamber 4 is compressed I i

b_ the piston 2, which is driven by i 2

powder gases. After the pressure in
Figure 1.8. Piston-

the light-gas chamber reaches the mag- type launcher:

nitude pc, the rim of the projectile 5 1 -- charge; 2 -- pis-
.... ton; 3 -- gas inlet;

_! is severed, and firing takes place. 4 -- gas chamber; 5 --

_o_. projectile; 6 -- barrel

o_ For preliminary analysis of the /2___22

_,_, piston-type launcher operation, it is necessary to have s_veral re-

lations, which are obtained under the assumption that: a) the expan-

sion-compression processes behind and ahead of the piston are equili- i

brium processes; b) the driving pressure pc is equal to th_ maximal

• pressure allowable in the launcher:

J

Using the equation of state, and introducing the entropy function ¢

by the well known relation:

¢ ( 1.7 )

_.,j it ia easy to express the light-gas temperature at the end of tom-

's' pression in terms of its initial parameters:

_e . 18
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, We see from Formula (1.8)that, in the pi_ton launcher, it i_ adw_n-

, tageou_ to have a.high compression ratio Pmax/Po , and accomplish the

compression process with the maximal possible increase of the entropy

: _I_.',I_,,. In this case, for given Pmax ' K, and initial gas tempera-

_: ture TO, the gas temperature and, therefore, the sound speed in the

gas will be maximal.

We sna].l introduce some relations which will be required later on.*.

The piston launcher operating principle is based on the fact that

i_ the light-gas potential energy at the end of compression:
_ .

I m[a2mma

_ _'=_'_-_i (1.9)

(where amax --sound speed in the gas at the end of compression, and

mI --mass of the light gas) is stored initially in the form of kine-

tic energy of the piston.
i

t )

.... The piston kinetic energy is:

G V2
_ E = P p max (I.I0)

p 2g '

where Gp --piston weight, and Vp max --maximal piston velocity. /23

Therefore, we can write:

G V2 m._2
P D max =b '""

2 z(_-i)g' (i.ii)

where b is a coefficient. We see from (1.11) that:

= 2b_, _. (1.12)
Gp ._--,). P_ .

It is obvious that the maximal pressure is determined by launcher
strength.

_. ]9

, ,,,,, ,, , , |
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i'/_ The ga_ charge mn._ iz

_, . tr+l :_-.IIm,

where m -- projectile mama, H -- parameter selected from the gag-

i_ ' dynamic analysis (usually, g _ 3 - 6).
fE

On the basis of (1.6), am. equals

- _! g,a,

• consequently, (1.12) can be written as

Gp •(_= ]]_'-T-' ' (1.13 )

_, where q = mg is the projectile weight. '

"_%q '

:/_.. Formula (I.13) relates the piston weight Gp with the launcher

• Vp and also through f with H, K, and Lba/L c._ parameters, q, V, max'

+_' Finally, it is easy to establish the connection between the

launcher dimensions and the initial light-gas pressure.

..... %

__ " It is obvious that the gas charge mass:

_" '_t -'=PJVc'where P0 is the light-gas density, and W c is the gas chamber volume

- before compression, since

..+

,,+, where a0 is the sound speed in the light gas prior to compression,
then:

•p,, _re . ( 1.14 )

r+

20
J
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The quantity niI is intimately related with the projectile ma:',sm,

and thelr ratio:

is usually specified from the gasdynamic analysis, as mentioned above. /24

Consequently, the initial light-gas pressure:

ll"_.... m_a_
" (1.15)

Formula (i 15)limits the initial li '_• g,,t-gas pressure

-. Since the quantity Pmax .is determined, by the structural charac-

¢ teristics of the launcher forechamber, the quantity Pmax/Po for the
-. °°

piston-type LGL is essentially detormined by the projectile mass m,

gas chamber volume Wc, and initial gas temperature rise, since this

: determines a 0.. The existence of the relationship between P0 and Wc

_. (or, what ._s the same, the gas chamber dimensions) makes it possible

to divide the piston type LGL into two subgroups:

.> a) launchers with low comp:_ession ratio,

_ b) launchers with high compression ratio•

,,: In the low-compression-ratio LGL, the initial llght-gas pressure

ranges from 60 to 120 atm** (the compression ratic for p_,._iO0{)0 atm

is of the order of lO0). These launchers have minimal dimensions,

but their launch velocity does not exceed 4000 m/sec, which follows

from (1.3), if we consider that for thi_ compression ratio the speed

c_.,_ of sound in hydrogen increases only to about 2500 - 2800 m/sec.

'i_ In launchers with high compression ratio, the initial light-gas

__ .: pressure is usually clo_e to i0 atm, and the compression ratio is ,

' The pressure in the standard bottles is 135 - 150 atm.

,J /
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_ I O.['the order of I000. The dimensions of these launchers for the

same projectile weight exceed these (_f the low pressure ratio

•.- launchers by 5 to I0 times; moreover, their launch velocity is

a_ considerably higher - of the order of 6000 - 7000 m/see or even

higher -- when using a hydrodynamic piston.

_: With (1.7, 1.13, 1.15) available, we can turn to detailed exami-

.... nation of the existing multistage LGL.

Launchers with heavy nondeformable piston. Launchers of this

•. type are used mo_t successfully for investigations with projectile

...._<i speeds of 2500 - 4000 m/sec. The primary difficulty in developing

.<.,) such LGL lies in decelerating the piston in the forward position.
U

.:, °" Usually the piston launchers with heavy metallic piston are designed

_. _ so that the piston approaches the end of the ballistic barrel with

li zero velocity. In this first approach, the compressed light gas
_ forms a cushion and plays the primary role in stopping the piston.

.... "" If the piston is not equipped with a special wedging device, it /2___5
_oJi'

will bounce back under the pressure of the light gas. As a rule, the

......ii_." light gas can, at this time, leak out of the launcher through the
,_- barrel, and the powder gases again send the piston forward, if special

_ devices are not provided, the piston may acquire considerable vole-

. city and damage the launcher during the second impact. ,

,_

_. .._.<,_ At the present time, two basic methods for preventing impact are

° normally used: the first is to use a shock absorber made from a soft

t:.i. material, such as aluminum or polyethylene, the second is to equip

o the piston with a special small pin which blocks the residual light

gas as the pin enters the barrel, and thus creates a cushion. As a
°

rule, the choice of heavy piston construction to prevent impact is

• made experimentally.

The initial gas pressure is usually selected in the range between

_ 60 and 120 atm, in order to facilitate stopping the piston in the LGL

with a heavy metal piston. Therefore, these launchers have a low

compression ratio.

22
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We noted previously that the launchers with low compression ratio

have minimal dimensions (if we do not consider the single-stage

launchers). Usually, the gas chamber length in the low-compression-

ratio launcher does not exceed i0 - 30 calibers ...........................

The desire to increase the launch velocity in the heavy piston

launchers led to use of launchers with high compression ratio, and

the damage occurring because of piston impact in the extreme forward

position required reduction of the piston weight.

As a result, a new type of piston launcher has been developed B

the light-piston LGL. As a rule, these launchers have a high com-

pression ratio; moreover, in these launchers, the compression process

takes place with increase of the entropy.

Launcher with light piston. Formula (1.8) shows that increase of

the gas entropy in the compression process leads to increase of the

temperature for the same compression ratio; consequently, it is ad-

vantageous to compress the gas in the launcher with the aid of an

irreversible process.

One of the slmplest compression processes with entropy increase

is compression by a piston which creates shock waves. Specifically,

a shock wave arises ahead of a pi_bon traveling with acceleration.

The coordinates zT,t, of the poir._ of shock wave occurrence in the x, t

plane are connected with the piston acceleration and the gas parameters

by the following well known formulas [25]:

2 a-_

2 a

In these formulas, A is the initial piston acceleration, equal to: /26

S

A = -_ (p - Pro )Gr 10

23
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where S -- piston area, Gp -- platen weight, and P_O and PrO are the
m

pressures at the initial moment to the left and right of the piston.

In the heavy piston case, the quantity A is small, and the point

of shock wave occurrence lles outside the light-gas chamber; the?

short gas chamber length in these launchers facilitates this situa-

tion. In this case, the compression takes place _ractically isen-

_i tropically.

When a light piston is-used, the acceleration magnitude may be

_ such that the shock wave occurs near the piston. The presence of

• shock waves is a characteristic feature of the light-piston launchers.

As the shock wave reaches the front wall of the light-gas chamber,

it reflects from the wall, and then a series of reflections from the

wall and piston take place. There will be abrupt entropy increase

during each reflection, and the entropy ratio in practice may reach:

We shall present, as an example, the parameters of an American

- light-piston launcher [3]. Fast-burning powder is used in this

launcher.

The basic launcher data are:

Piston barrel diameter 22 n_

Piston barrel length 1515 mm (69 calibers)

Piston weight 19 g

Powder gas pressure (max) 17,000 atm

Light gas pressure (max) 44,000 atm

- Initial light gas pressure 60 atm

Ballistic barrel diameter 5.6 mm

Model weight 0.3 g

Model velocity 7300 m/see
!,

• Powder charge 125 g

_" Ballistic barrel length 915 mm (165 calibers)

24
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- Figure 1.9 shows the velocity of a V, m/aec

".... projectile launchea from this gun as a 70a0_ /

function of the powder charge weight, and _DOOF| _ /j-

!Figure i i0 shows a photo of the ballis-

, tic light-piston launcher. I
" 4000_"

" _ The possibility of compressing the _0 _o gO uaw,g

,ii_,:(_ gas with increase of the entropy is not Figure 1.9. ProJec-
_,_l''_ ' the only advantage of the light-piston tile velocity versus

__ l• po_der charge weight
_'._,. launchers. No less important is the

_ , -."'

j :j,

,j '.'

Figure i.i0. Ballistic launcher with light
piston

_ fact that use of the light piston eliminates piston impact during /2_

_',: repeated arrivals at the extreme forward position. In fact, experi-

T ment has shown that the impact of a light p±astic piston is not

_.__l damaging, even with a velocity of the order of i000 m/sec.

The disadvantage of the light piston is the fact that the piston

i can normally be used only once, and must _.e considered as a firing

element. In addition, we have mentioned that the light-piston

• launchers have larger dimensions.

'::_:"_% At first glance, it might seem that it would be easy to convert

....... all piston launchers to the light-piston type. However, it follows

:i!]i,._ directly from (1.12)that this is not always possible in practice.

__'_]_ll__--___ ___]; _'_" In fact, the piston weight Gp is connected with the compressed light

:!!_h gas parameters, since the maximal piston velocity is usually llmited.

Thus, for the powder-driven systems, the maximal practically achicv-

piston is driven by OHHM, this quantity may be larger --of the order

_ , ,L _ )

c_
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of 2500 m/see. Therefore, conversion in the piston launcher to a

light piston is possible only when the piston kinetic energy is
L, '-

_ sufficient for compression of the light gas.
f

. A long gas chamber, usually more than 60 calibers, i_ character-

istlc for the LGL with light piston. In some launchers this length

" reaches i00 or even 150 calibers.
i

Diaphragm-type launchers. In the diaphragm-type launcher, the

high-pressure region (powder gases or OHHM) is separated from the

light gas by a diaphragm. When the diaphragm ruptures, a shock wave /28

II[! travels through the light gas and heats the gas.
With regard to gasdynamic scheme, the diaphragm-type launcher

is identical with the shock tube. Figure i.ii shows a diaphragm-

r type launcher.

3 5 ? _-/ !
The advantages of this launcher are |_$_;] _ s

its relative simplicity and the possi- _ \ _
! 2

bility of achieving greater increase of

the entropy function than when using Figure I.ii. Diaphragm-

the light piston. A disadvantage of type launcher:
i _ shock chamber; 2

the diaphragm-type launcher is the re- diaphragm; 3 _ light-

duced launch velocity stability, since gas chamber; 4 _ dia-
phragm ahead of model;

it is difficult to achieve good repeat- 5 _ sabot; 6 _ model;

ability of the diaphragm opening pro- 7 _ barrel; 8 _ bal-
listic target

cess and, consequently, stability of

the shock wave parameters.

Throttled launcher. The use of shock waves is not the only way

- to realize the gas compression process with increase of the entropy.

A more complete thermodynamic cycle, during which the gas entropy

increases, can also be used for this purpose.

The following is such a cycle. Gas p._

with the parameters P0 and T O is obtained i

by some process; then, this gas expands
Figure 1.12. Schema-

into an evacuated space (Figure 1.12). tic of expansion into

In this case, the pressure decreases to evacuated space:

the value PI' while the gas temperature i --valve

26
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,. remains unchanged. In fact, the equation of the first law of thermo-

dynamics has the form:

dQ _ dE + p dH".

Since p = 0, then dQ = dE = CvdT; assuming no thermal losses, dQ = 0,

and consequently dT = 0, i.e., T = const.

Let us determine the increase of the entropy function.

After flowing through the valve, the gas pressure:

:" Do _ Wo

:- P' "-/_ ii =+ ;v,. = =t',, if-, W_ = W -t- Wo.
> :.

Prior to flowing through the valve, the entropy function was:

pI, nq '

where m I - gas mass. After flowing through the valve, /29

I

consequently,
E

•
+..

The functional dependence of _1/¢0 or W1/W 0 for various values

i_ of K is shown in Figure 1.13. We see from the figure that the en-

tropy function increases by a factor of 2 - 3 during expansion into
_ the vacuum.

" The use of expansion into a vacuum is a promising direction in

light-gas launcher development; however, to realize this process,

we must first have a gas with high initial temperature T O . There-:..

fore, this process leads to the need for developing combined multi-

stage launchers.

: Combined launchers. Analysis of the two-stage gasdynamic

launchers has shown that the light-gas temperature must be increased

in order to fu_'Lher increase their effectiveness.
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..... In the two-stage launchers, the temperature increases only as

a result of a single compression of the gas.

However, (1.8) incildes TO m the initial gas temperature: the

_i- higher this temperature, the higher Tma x will obviously be.

-'__ Various techniques for preheating the gas, and also for accel-

_ erating the projectile in the barrel as a result of additional energy

_ ,_. input can be used in the combined

launchers. _/-_

T The simplest prehea;ing 3 /30

7 technique is to use OHHM in place _=_

of light gas. In this case, the _=_zz

OHHM ahead of the piston is ig- t
i •

._ | . I I

nited befog' igniting the primary }_ _ 5 s 7
•. charge which drives the piston, w__,

As a result, we obtain a mixtureI °

_ which may have various tempera- Figure 1.13. Entropy function
increase during gas expansion

tures, K, and _, depending on into an evacuated space

: the composition.

.... Use of OHHM as the working light gas in the piston-type launch-

ers has several advantages, the most important of which is the fol-

lowing. At temperature of order 3000 - 5000 ° K (depending on the

pressure), water vapor begins to dissociate strongly, and therefore

in the compression process, part of the piston kinetic energy trans-

forms into energy of dissociation of the gas. Then, when the com-

pression terminates and the model begins to travel in the barrel,

" the gas temperature falls sharply, and recombination of the molecules

begins. Since the recombination process lasts for a time of order°

10 -5 - 10-8 sec, association can be completed in the barrel, which

is equivalent to heat addition to the gas in the process of its

i. expansion.

, . °
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Figure 1.14 illust_'ates the nature of the gas temperature varla-

tion in time, wlth and without account for dissociation. An obvious

drawback of this preheating method is the Increase of the light gas

molecular weight.

X 4

t

Figure 1.14. Temperature as Figure 1.15. Plasmatron pre-
: a function of time: heating:

1 m with dissociation; 2 m l, 2 m electrodes; 3 m plasma-
: without dissociation; I _ tron chamber; 4 _ evacuated gas
- preheating zone (combustion chamber; 5 _ valve; 6 m arc

of OHHM); II w zone of com-
pression by piston; III m

expansion in barrel A more complex method for
t

initial preheating of the gas is

_i the use of a special heater installed outside the launcher. In this

case, the light gas is passed through the preheater (usually elec-

trical), and then fills the barrel. The gas flow lasts for several /3____I

• minutes in order to thoroughly heat the barrel.

Another preheater type is also possible (Figure 1.15). In this

case, the light gas passes through a plasmatron, in which it is

heated to approximately i000 ° K. The plasmatron power is such that

: the filling process must be accomplished in 1 - 2 sec. The heated

gas expands into the ballistic range evacuated chamber. However,

this preheating method requires very large powers.

_ Table i.i shows the plasmatron power required for heating vari-

ous weight quantities of helium to 1300 ° K in one second (p]asmatron

= 1 25 cal/kg • deg).efficiency _ = 0.5, helium cv

00000001-TSC08



i

- I

Finally, rather than the plasmatron, TABLE i.i*

:._ we can use an electropulsed chamber, in 'kgf't).i',h2_'().5'n,c)'_,_)'

iilll I Iwhich the heating of the gas is accom.- ....................

plished by an electrical discharge, after I kwl1')_''l_'_I_l_'_)ItI''_I_12_'"'(_I

: which the diaphragm ruptures and the gas

_ flows into the evacuated barrel. Translator's note.Commas in numbers re-

present decimal points.

In these launchers, preheating is

accomplished prior to initiation of com-

_" pression by the piston. The disadvantages of this compression scheme

are the comparatively large thermal losses and the increased powder

, charge weight, since the work performed by the piston increases in

: proportion to the initial gas temperature. However, the energy addi-

7 tion can be accomplished inside the compression chamber. In this

case, the electrical energy is supplied at the most critical launch

time, which, first of all, reduces the thermal losses markedly, and,

second, the possibility appears of maintaining a constant pressure

equal to the maximal value over some segment of the barrel, as a re-

sult of the heat input. The heat input process can obviously be con-

tinued with the a_ of special dischargers located along the barrel.

_i vi! Figure 1.16 shows the barrel pres- [_ _.-a_'
sure in the combined launcher as a func- D +

tion of time, with and without discharge. _' /_-_ .

The drawback of this launcher Jr_ /3___2

scheme is the necessity for a powerful

pulsed electrical energy source.

, Figure 1.16. Pressure
versus time in combined

The example presented above, charac- launcher (schematic):

teriziJ_g the electrical powers required 1 _ pressure as a

for preheating, shows that it is also function of time with-
out discharge; 2

advisable to seek mechanical techniques pressure with discharge

" for preheating the gas. It is easy to

imagine several different possible

multistage launcher configurations in which only the mechanical and

chemical forms of energy are used.

3o
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The operating principle of these launchers Is as follows. Mul-

- tlple compression of the light gas is accomplished, and after each

compression, the gas expands into an evacuated space (compression

.[ chamber of the next stage).

The compression can be accomplished either with the aid of :_hock

waves or with the aid of heavy and light pistons (Figure 1.17). For

_ example, the launcher consisting only of

the chambers 5 and 6 will be a launcher

° with shock preheat; if a piston is placed ,_ 4 ]

in chamber 5, we have a piston-type dual-

: preheat launchers 5/ _ _ _]_ ° • 2
!.

o Finally, the use of reactive proJec- Figure 1.17. Multi-

tiles in the launchers is possible in stage launcher: i
i _ powder charges; i

principle (Figure 1.18). 2 _ piston; 3 _ dia-
phragm; 4 _ first i
(piston) stage; 5 _ !

It is interesting to compare the second (shock) stage;

• operation of the launchers considered 6 _ working (piston)
stage; 7 _ projectile

above. In Figure 1.19, the ordinate is

the temperature, and the abslcssa is the
J

pressure. Let the initial gas pressure P0

and temperature T O be the same in all cases. /
i. I'
F_. 2 /

..... : Also, let the maximal pressure Pmax be the
Figure 1.18. Active-

! same. Curve 1 corresponds to the heavy- reactive projectile:

piston launcher; in this case, the cycle 1 _ projectile; 2
• is characterized by the maximal tempera- charge; 3 _ barrel

ture T 1 .

.... Curve 2 corresponds to the light-piston launcher; the cycle is

• characterized by the maximal temperature T2, where T 2 > T1, since

compression takes place with increase of the entropy.

Curve 3 corresponds to the diaphragm-type launcher. This curve

_ • c,-" lies above curves I and 2, since the gas entropy increase in this

t
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case is greater; however, the current r &

cannot reach Pm;_x' since the shock wave __' '

_ cannot provide as large compression /_ '_

ratios as the piston-type launcher. / /_//__/___

Therefore, T 3 may also be lower than T 2 _/__. _

- /-/,'_//__
or TI. At the same time, we recall that 4// ,/

if the shock wave can compress the gas !_/

• to p = Pmax' the temperature T 4 will be
I

• higher than T 2 .... , .

In the launcher with shock preheat- Figure 1.19. Comparison
of working cycles of

ing, the relation characterizing the ballistic ranges of dif-
process in the shock unit coincides with ferent types

curve 3. The expansion into the vacuum

(pressure reduction at constant temperature) is described by the seg- J

mcut 5, and the compression by the piston is described by curve 6.

It is obvious that T 6 will be higher than both T 3 and T 4.
)_

Now, we can examine the cycle of the launcher with multistage

piston compression. The compression in the first stage corresponds

to curve i; the expansion into the vacuum is represented by curve 7;

the new compression by the piston is represented by curve 8. It is

obvious that, if we restrict ourselves to two compression stages_

the compression temperature will be lower than T 6. However, the

compression process can be continued -- curves 9 and i0; this is

still another stage, etc. Consequently, in principle, this method

can be used to obtain temperatures as high as desired for a given

maximal pressure, but here major difficulties may arise in synchro-

nizing the system. We must also consider the large thermal losses

in the leakage process.

Of particular interest is the LGL with plastic piston. Gener-

ally speaking, the plastic-plston LGL is a heavy-pistorJ launcher;

however, because of the importance of this launcher type, it Iz better

to examine it separately.

>

:- 32
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.. For this, we must examine nteady incompressible fluid flow

through a channel of variable section. Since the same amount of

fluid must pass through each channel section per unit time, _t _s

.l obvious that:

- Spu = Sdmu -- c..st, ( 1.16 )

where S --- channel section area, u -- velocity, p -- density (sub-

scripts 5 relate to the initial section).

From (1.16),

So
" u-- uo-_-, (1.17)
i'

• consequently, the Jet velocity increases as the section areas ratio.

Take an elongated piston made from a relatively incompressiblec ;

plastic material. If we assume that the piston passes through the

" convergent part of the barrel without deceleration, its leading edge

velocity must increase in accordance with (1.17).
i

-. Exact calculation of the piston motion in the bore can be per-[
formed by the methods of hydrodynamics, if we know the viscous proper-

ties of the material from which the piston is made. However, in

practice, it is more convenient to intro-

duce into (1.17) an experimentally de- t

termined coefficient. _ 'l '

Figure 1.20 shows a schematic rela- ! _,

- tionship characterizing the piston lead- /_ ,
fl •

i

: ing edge velocity variation." in segment //,0 ,

I, the velocity is V0; in segment !I, z

the velocity V.-=V o. b; and in segment
Figure 1.20. Motion of

hydrodynamic piston
III, the velocity V,==po ba

b.
7

• The ability of the incompressible plastic piston to increase

its leading edge velocity when passing through a restructlon is used

. in piston launchers as follows. The converElng channel Is profiled
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. • . (so that, In some segment, the leading edge velocity w_l] [oJl Jw the

model veloc:Ity in the barrel bore. The gas pressure on the model

can be maintained constant in thi_ segment, and therefore the morion]

" velocity increases*.

• Launch velocities up to ii,000 m/see have been achieved by

launcher_ of this type in the U.S.A. [i0].

In calculations of the piston-type launchers, we usually neglect

, the influence of piston motion on the model motion. The Justifica-

_ tion for this simplification is associated with the fact that the

piston velocity in these launchers is usually not high. However,

in practice, the piston motion does influence the projectile velocity&

and, in the first approximation, we can consider that the piston /35

• forward wall velocity is simply added to the model velocity (i.e.,

• it can be considered a transport velocity__ then,

, . V__Fu _-,Paf= V t _'_a/,

" where V _ model velocity; Vt _ transport velocity, approximately

equal to the piston wall velocity; car _ gasdynamic launch velocity.

In the case of a heavy or light (but not plastic) piston, its

_ velocity when approaching the forward position is low, and can be

- neglected. In the hydrodynamic plastic piston case, this velocity

is about i000 m/sec, and must be taken into consideration.
.,.,.

Figure 1.21 shows photos of a plastic piston before and after

" firing.

_, § 1.5. Electrodynamic Launchers

...

We have examined briefly the gasdynamic launchers, in which

" projectile acceleration was accomplished by an expanding gas.

•_" In practice, we use a conical chamber', w_th taper angle between 5
and i0° .

34
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_i In the eloctrodynamielaunchers, projectile accel-

..... eration is accomplished by

electromagnetic forces. ,
I_J "4

#I,_'.:, The simplest electro- ., _ /36

_/':_, dynamic launcher is the con- ' _ " -,

tact accelerator (Figure _ I ! _

:_i!_ _ 1 22). . In this device, the " - , _ ( _)
:_.. current passes along the buses
_::__ i through the projectile 2.

::_ The magnetic field is formed Figure 1.21. Hydrodynamic pistonsbefore and after firing
either by this same current

or by a secondary current

_-i;. flowing in a special magnetization cir- [- _,, _

_:.-i cult. As a result of interaction of the \t

i_ _ current with the magnetic field, a pen-
" deromotive force arises:

_ _'._,,_, Figure 1.22. Contact
F--I × H, accelerator

'_-_i where I _ current intensity, H _ magnetic field intensity.

__ Two basic difficulties arise in developing contact accelerators.

'i_m first, contact burning takes place and, second, a discharge arises

• ahead of the body because of plasma "expulsion" from the contact gap

between the body and the boses.

_:_ :_ -' In devices of this type, acceleration of the body takes place

_" in a special evacuated chamber.

.... In the induction accelerators, the projectile is accelerated by

the magnetic pressure, which is equal to:

The simplest induction accelerator configuration is shown in

i._ Figure 1.23. The accelerator is assembled from individual coils,

• 35
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• which are activated synchronously

b<b<I)<IXIXIXIXIXI
_,. result o.;'which a traveling mag-i.:?[<.

_<;::_, netlc field is created. - I " v/rV] "
<'311"
_I ''_ _//=;,,;.%.
:_,._,_ Figure 1 24 shows an induction l

accelerator in which the magnetic

- _ wave is created by explosive com-
: _ _, Figure 1.23. Induction ac-

i__ :: • - pression of the magnetic field, celerator:

_""_<" The operating principle of this 1 _ coils

_:,_: accelerator is as follows. _\
•" _>f{/.;j._"/.%_:..... _ L';......y :.-:<_, " _'.,,..',",'_.__i<

.,_.;:: The electrical current flowing in 21%,, ....... I ........

___" the solenoid 1 creates a magnetic ,f_'<'.;.'.'':t:['-''i _--_" .... '_:'
_[ field inside the conducting screen 2. _'/;>;<.,:.._<,:./±.:_::j "//[ "" :]

...._'.: When the explosive is initiated, the

_ screen is compressed, and the magnetic Figure 1.24. Explosive
• induction accelerator:

field intensity increases in the ratio

S0/Sc, where S O _ screen area, S c _ 1 _ solenoid; 2 _ con-ducting screen

,_ " compression area*. As a result of the

compression, very high magnetic pressure acts on the body and accel-

erates it.

• Generally speaking, the magnetic field can be ideally likened

to a light gas (in which the sFeed of sound is equal to the speed of

• light). This analogy makes it possible to createa whole series of /37

configurations, in which the magnetic field-_ compressed, and then
{

the compressed field acts on the body to impart a high velocity to

the latter.

It remains to examine the combine(Ysystems in which both the
!

gasdynamic and electrodynamic acceleration methods are used.

In the case of rapid compression of the conducting screen, the mag-
_ netlc field is not able to penetrate the screen, and therefore the

" relation HS = const is satisfied.

. 36
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- The simplest combined accelerator configuration is shown in

- Fi_ure 1.25. In this launcher, the light gas, heated to high tem-

perature as a result of compression or by an electrical discharge,

enters the accelerating barrel. In the

barrel, the crossed electromagnetic I _ I _J

field acts on the gas (which is ther- _-_

mally ionized, and is therfore a con- n

ductor of electricity_, and creates the t_'M1_l

: accelerating force:

_. where J _ current density, H _mag- Figure 1.25. Combined-

I netic field intensity The accelerated type launcher

• gas, in turn, accelerates the body,

since the pressur2nn the body increases because of the ponderomotive

" force ................................

_ i" The launcher tested in the U.S.A., in which several dischargers

Ii"ii .. installed along the barrel preheat the gas behind the traveling model,

is also a combined-type launcher [3].i,

There are launchers in which the body is first accelerated by

an electropulsed device, and is then accelerated by the contact

method.

Generally speaking, two-staged nature of the acceleration pro- /38

! cess is the characteristic feature of the combined-type accelerators,

since it is not desirable in principle to accelerate a stationary

body by the conventional gasdynamic method and then use electromag-

netic forces for further acceleration.

To complete the survey of the high-velocity lallnchers, we must

dwell briefly on still another launcher type, which can be termed

the Jet launcher.

In all the launchers examined above (except for the induction

accelerator) the body being accelerated travels in a barrel or

_' 37

0000000]-TSD02



I

.,.

.... along rails. IIowever, the body can also be accelerated by placing

it in a high-velocity gas stream.

_ Two Jet accele_.ation methods are basically used.
N.

Explosive method. A small sphere, weighing from a few milli-

grams up to one gram, is accelerated by a gas flow arising as a re-

suit of detonation of a shaped cylindrical explosive charge [17].

i- The drawbacks of this method are: a) difficulty of its use under

_ laboratory conditions --the explosive weight must exceed the proJec-

_ tile weight by at least i0,000 to 30,000 times; b) reduction of the

i actual projectile dimension as a result of burning in the Jet (abla-

_ tion); c) difficulties in separating the body from the jet stream.

Microparticle launch velocities up to 20 km/sec and higher have

° been achieved using the explosive method.

Plasma Jet method. A gas heated by an electrical discharge

• issues through a nozzle, and entrains the microparticles with it.

• This method makes it possible to accel-

a- erate very small particles t° speeds °f _ 1\ a m I_i

• i0 km/sec or higher and, in contrast

with the explosive method, can be used _ _ '
: . \ V \

under laboratory conditions; however, t 2 _ 4

.. the drawbacks associated with burning

of the body and the difficulties in Figure 1.26. Jet
launcher :

• separating the body from the jet remain
(Figure 1.26). i -- chamber; 2 -- nozzle;

- 3 -- foil on which the
Table 1.2 characterizes the capa- particles being launched /3___99

are placed; 4 -- velocity
bilities of the high-velocity launch pickups; 5 --target
methods.

_" Practically all the high-velocity launcher schemes described

above have been tried out experimentally. Extensive experimental

studies have shown that the most promising launchers are: in the

launch velocity range 2800 - 4000 m/sec, the launchers with heavy
:,.

38
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TABLE 1.2. CHARACTERISTICS OF IIIGH-VELOCITY LAUNCHERS

l,aunch method Velocity, m/sec Body weight,
kg

i. Conventional cannon or r_fle 800 - 1,000 0.01 - 1,000
[lq < 0.5*)]

2. Special cannons and antitank 2,000 - 2,200** 0.001 - lO
L guns with light projectile

and large charge

_ 3. Single-stage gasdynamic
" launchers:

• a) using OHHM 3,000 - 4,000 0.001 - 0.I

• b) electropulsed 5,000 -7,000 0.0001 - O.OOl

4. Light-gas launchers with heavy 2,500 - 4,000 0.001 - 2
piston and low compression
ratio

5. Light-gas launchers with light 6,000 - 8,000 0.001 - 0.5
piston

6. Light-gas launchers with plas- 8,000 - ii,000 0.001 - 0.5

_ tic piston

7. Combined launchers with pre- i0,000 - 12,000 0.001 - 0.01
heating of the gas by an
electrical discharge

8. Combined launchers with elec- 12,000 - 15,000 0.0001 - 0.01
i tromagnetic acceleration

i 9. Jet launchers 20,000 - 60,nO0 10 -7 - 10-9

q -- projectile weight; m -- charge weight.

**When firing into an evacuated space or with the barrel evacuated,
the velocity achievable is about 2800 m/sec.

piston and low compression ratio; and in the launch velocity range

4000 - 8000 m/sec, the launches with plastic piston and high com-

pression ratio.

.°_

i
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¢:_:.. § 1.6. Characteristics of Some Hlsh-Veloelty Launchers and

Features Associated with Their Field of A_fllcation

Configurations of' various launchers were described above. Now

_" we can turn to specific data on certain typical launchers, and we can

also examine the magnitudes of the overall correction coefficient ¢,

. / determined by comparing the experimental data with the results of /40

_i calculation using the approximate engineering method presented in

•, Chapter II.

_" Table 1.3 presents the parameters of flve U.S.A. launchers, with

calibers from 5.6 to 63.5 mm, used to launch bodies weighing from

jmh 0.i0 to 230 grams, wlth velocities of 6 - 8 km/sec*.

J In principle, all the launchers listed in the table can be used /41

_- for both aerodynamic studies and high-velocity impact investigations.

However, some general remarks should be made.

_" a) In interior ballistics, it is customary to characterize the

relative projectile weight by the coefficient Cq, equal to the ratio

of the projectile weight to the barrel diameter cubed:

J

,. C,=_. V,m/sec

_, Figure 1.27 shows a curve of ,oL,,/o

_, .;. launch velocity versus C , obtained by _','J'J,' ....
_,_ q

_,_.,_
_" correlating a large number of Soviet ! ___..
- 4fi,,er............

and foreign experiments, i
._ 8.00/)..............

f
_ As a rule, hlgh-veloclty collision o --7 ......2 J _, 5 _

'--_ " studies are made using compact metal Cq

_,,_ - elements enclosed in sabots made from Figure 1.27. Projectile
...._ velocity as function of'

i--- a light material. Considering that the the coefficient Cq

The maximal velocity was obtained on t! NACA launcher, and was
11.2 km/sec for a projectile weighing 0.04 g (po]yethylene pellet

,_ - with Cq = 0.22).

7_'_ _ 4 O
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_.. element specific weight varies in the range from 2.7 to 18, It :l:_

: easy to understand the dlfficultle_ which ar_se in attemptlng to

construct a projectile with small Cq.

With barrel caliber 8 - 12 mm, it is usually not possible to

obtain a value of C less than 1.5 - 2, and this limits the realis-

,,,.- tically achievable launch velocity to about 6000 - 7000 m/sec.
[

_',,_ As the caliber is increased, it becomes easier to construct a

• strong sabot; however, even with a caliber of about 85 mm, it is

difficult to ensure C < 1 - 1.5, which in turn limits the realis-

tically achievable launch velocity to about 8 km/sec.

In aeroballistic studies, two limiting regions immediately

appear:
L

First, study of the aerodynamic characteristics of models of

_ flight vehicles (airplanes, rockets, spacecraft, and so on). Such

models may be fabricated from light weight materials with cavities

: for reducing the weight. The model dimensions are usually such that
?

launchers of relatively large caliber (50 mm and more) can be used

..... to launch the models. Therefore, a projectile with C _ 0.8 - 1 can
q

be constructed for such a study.

Second, study of the flow around bodies of simple form (cone, /4___

.... cylinder, sphere, etc.). In this case, the model is fired without a

sabot, and is made of plastic. In such experiments, a realistically

achievable value is C _ 0.2 - 0.6, and the corresponding launch
e'_ q

velocities are Ii,000 - i0,000 km/sec.

b) Depending on where the launcher is located, it is sometimes

necessary to resolve the question of what energy source to use and

what light gas to use.

.°
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In the light-gas launchers, use is made of: ]) powder cllar'l_e;

2) OIIIIM;3) powder charge wlth the addition of" a light ga_z to the

chamber; 4) compressed gas (air).

It is most convenient to work with the powder charge, and it is

• preferred in all cases when permitted by the explosive material

. working rules.

The OHHM is used only when working with a light piston. Exten-

sive experience has been accumulated in its use in operating shock

tubes [38, 39].

As for the choice of the light gas, here again the safety engi-

_,_ neering rules are of primary importance. When working in the open

air___it is advisable in all cases to use hydrogen, which is less

expensive than helium, and provides somewhat higher projectile velo-

city (on the average, 10% higher).

In enclosed areas, working with hydrogen requires the use of

specialized explosion-proof equipment, the availability of gas

analyzers, and strict precautionary measures. All this is particu-

• larly important when working with large launchers, where the amount

of hydrogen per shot exceeds i00 - 200 g*.

•_ In all cases, when operating in an enclosed area, it is best

to conduct the first experiments on a new facil_ty using helium,

_..... and only after the servicing personnel are familiar with the launcher

• should the changeover to hydrogen be made.

c) Usually, bodies accelerated by the light-gas launchers are i

....... fired into an evacuated space (vacuum range) (Figure 1.28). i

The vacuum range objective is entirely different in the case J_

"" an aerodynamic experiment and when studying collisiot, processe[_.

" The explosion hazard limits for, a mixture of hydr_,ger_ ar_i air arc:
lower, 1%; upper, 5% (by volume).

....... " _........ "...................:.-._:=_n:_::-_-::::::::_.:i...TI:./:I'L:,_.....................................................C_:..............i_7!_,-_
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In the first ease, the facillt_ is intended for determining tho

•. aerodynamic characteristics of' the model, and the vacuum range plays

the primary role. The dimensions of the vacuum range may reach a

length of 300 meters or more.

.... The gas pressure in the range

corresponds to the altitude at
h

which it is necessary to deter-

mine the model characteristics.

More detailed data on the ranges

., and the equipment for measuring /4___3

the aerodynamic characteristics

are presented in Chapters III

and V. Figure 1.28. LGL with vacuum
range

In the case when the launcher

is used to study high-velocity impact, the range is of secondary im-

portance, since it is necessary only in order to maintain, to the

extent possible, the projectile velocity up to the instant of its

• encounter with the barrier. In this case, the range dimensions will

be minimal, and are determined basically by the capabilities of the

instrumentation, whose operation usually requires cutoff of the

_ bases, and also by the distance at which sabot separation takes place,

< if one is used.

The impact experiment ranges are usually divided into three

•. parts: i) dump tank _ a cylindrical vessel where most of the gas

is trapped; 2) tube for measuring the body velocity with windows

for the instrumentation; 3) space in which the target is located.

.... In certain cases, if the article (target) being studied has large

dimensions, an exit window is made in the end of the tube; this

window is covered over by a film, and the article is located in the

atmosphere in the immediate vicinity of the end of the range.

The necessity for use of the vacuum range and its dimensions

are determined by the launcher caliber'. Thus, for large-ea]]ber

r .... it 1 _ usually_" launchers with projectiles weighing 30 - I00 glam_, _

44

"" • -_...... ........ i ',..... | ....... i 'I • i i i_-- --_
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sufficient to evacuate only the launcher barrel, cover'Ini_ the muzz]e

with a film. In this case, the velocity loss over the 5 - i0 meter

distance, which the projectile flies prior to encountering the tar-

get, is of the order of hundreds of meters per second, and use of

_, the evacuated range can be avoided.

B _

_- Conversely, for launchers used to project bodies weighing about
i.

one gram, an evacuated range is absolutely necessary.

4 5
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CHAPTER II

FUNDAMENTALS OF LIGHT-GAS LAUNCHER DESIGN

§ 2.1. Preliminary Remarks

We mentioned previously that light-gas launcher design is a /44

i problem of interior ballistics. However', the high velocity launchers

;_i have particular features which prevent the use of the well-developed
classical ballistics method in their analysis, i

The primary difference between the high-velocity light-gas

launchers and the classical artillery systems is the fact that large

launch gas charges are used in the light-gas launchers in order' to

obtain high velocities, and the ratio of gas charge weight to pro-

Jectile weight exceeds unity considerably. In this case, wave ef-

fects, which are not considered at all in classical ballistics,

arise in the barrel bore. We recall that, in the conventional artil-

tilery systems, this ratio usually does not exceed 0.i - 0.3, and

the wave effects in the system can be ignored.

I

The need for light-gas launcher design methods led to rapid i

development of gasdynamic ballistics, i.e., the branch of _nterior i
ballistics in which gasdynamic methods are used.

4_
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i i , i I
• _ I I i

.. The Easdynamic methods were first uzed in ball:Istlcs by L:J-

grange in i[9._. _'rom that time, the problem of firing from an art_l-

lery piece under the assumption of instantaneous powder co_ibustion

has been termed tile Lagrange problem.

[ ' 0T*
_F

Figure 2.1 shows a cylindrical tube F ac_

..... with a projectile, and also the x, t t

.__ coordinate plane. At the initial time,

_ _" the projectile is located at the dis- t_

i tance Lc from the breech. The gas pres-

i: sure in this space is constant, and the t,

R space ahead of the body is evacuated. _ :

...._ Assume that projectile movement begins Figure 2.1. Wave sys-
_ " at t = 0 At this instant, a rarefac- tem in the Lagrange

_ . tion wave begins to propagate from the problem

base of the projectile through the gas,:

= .... and at the time tl, this wave reaches the breech and is reflected

therefrom. In region 0, the gas is stationary. In region I, the gas

travels as if there were no breechblock _ this is the simple-wave

region in which the gasdynamic equations have a simple solution.

i Complex, unsteady motion of the gas takes place in regions II, III,

.=:. and so on.

_i I- The gas pressure and velocity vary continuously along the space

behind the projectile at each instant of time, and on the lines :

separating one zone from another there is a break of the pressure or

velocity curve (discontinuity of the first' derivatives, for example,
_ _p/_x, etc.).

"_ i[.
The highest pressure will always be at the breech, then it will

'.... decay monotonically to the base of the projectile. The gas velocityIY_ .

.., at the breech u = 0, and the gas velocity at the base of the projec-

t tile i_ always equal to the projectile velocity.

::<, i_ The existence of pressure and velocity variations both in t_me

• and along the x coordinate indicates that the_e quantities arc f'unc-

_= " tions of' the two variables x and t, and the equation,s describing

_" them are partial differential equations.

. 4_

' ' I 'ill-- ' I111II I , L_ IT
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_± The solution of the Lagrange problem in the ent:Ire mot:Ion

._, region is accomplished by numerical methods, and obtaining this solu-

[_. tic.] has great theoretical and practleal importance. Speclflca].].y,

techniques optimal parameter selection and llght-gas launcher
the for

_,

_, analysis are constructed on the basis of this solution.

In fact, firing from single-stage launchers is completely de-

scribed by the Lagrange problem solution for a cylindrical or

"bottle-shaped" (tapered) chamber (depending on the light-gas

launcher tube form).

Firing from multistage launchers is also described by the same

solution, if we assume that initially (with the projectile station-

ary), the light gas is compressed and heated to the parameters Pmax

and Tmax, and then firing takes place (with the piston stationary).

Now we can formulate briefly the fundamental difference between

high-velocity launcher interior ba].listics and classical interior
L_

_. ballistics.

o . In classical interior ballistics, it is assumed that the gas

_. density is a function only of time, and is constant along the space

behind the projectile. Therefore, the interior ballistics equations /46

_ are ordinary differential equations. The solutions obtained on the

_", basis of these equations cannot, in principle, take into account the

_ wave processes which take place during firing. The classical ballis-
_ tics methods are applicable when the projectile velocity is con-

siderably less than the sound speed in the launch gas and with long

barrel length, since in this case the rarefaction waves can equalize

_: . the gas parameters in the space behind the projectile.

_ In gasdynamic ballistics, we take into account gas parameter
..

dependence on time and position in space; therefore, partial differ-

ential equa'clons are used. The gasdynamic methods must be used

"" when the projectile velocity exceeds the average sound '_l_eed_n

the launch _[as.

- 4_

• i.. •
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: ! llI L....... ..........
p,b "_I"

,,r In the fol].owlng, we shall p.._ent ha,_d_namlc ]auneh theory,

......_ and our' pP.im_ry attention will be devoted to solution of the LaKr'arur,r_
y}'

.._ . problem I,.._ dli'lerent varlants (for cylindrical or taper, ed chamber,

z-:+_. with backpreasure, and so on), and also to solution o£ questions

_j_., relating directly to ballistic launchers.
W'q +_....

. :':?k

i :',"_. The general questions of unsteady gas motion az,e not examined

here, since they are sufficiently well illuminated in the literature

(see, for exam.pie, [5, 25, 33, 39]).

• § 2.2. Equation of Gas Motion and Methods

of Their Solution

_+. Examining gas motion in a gasdynamic launcher, we must use the

_i'i equations of axisymmetric gas flow*, which are known to have the form:

< equations of motion:

. _ '" 0"]O. O. _ i Op (c_ cm,_ t
O";+u'_zx+u-_ ::=F" p O_ +_k _' +_d--_ _-' (2.1)

c)u . 0_ _ t c)p_ 102v_ O2u_ u+ _--I-_'+_ ==F, t, or "l-"_,"_'_'l'a-z'l-'_); (2.2)

+;'r
: continuity equation

,._ c)p ._, Op / O. -- Ou \

[..

or"

a_ Ou 0,, ,, (2 4 )7 a-Y=-_-;- 0_ r

_ In these equations: u -- velocity component along the x axis /47

(along the channel); v -- velocity component along the r axis (along

" the radius); P x and Fr -- force components along the corresponding

•.axes; _) -- kinematic viscosity.

i-3 *It is obvious that conditions in the light-gas launcher do not lead
.... to rotational motion of the gas, and therefore only the velocity

, components alone the channel radius and length will be nonzero.
:-

- 49 1
.... i
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I,

I

,x,

: . To these equations, we must add the energy equation, which, in

_., the general case, has the form:

:; ..... dO ==.dE + p dIV,

'_ where W = i/p -- specific volume, and the equation of state, which,

in the general case, may be written in the form:

I L _ + r _ (P' P' _) = O'

_.';_:_'_ In addition, the relation must be known:

E=B(p, p,T),
where E _ gas internal energy. These functions must be given in

ili_ explicit form.

"" The solution of interior ballistics problems using this system

of equations requires a tremendous volume of calculations.
o e i

i'!°_ The system of equations presented above can be simplified
_r

;. somewhat.
c,

i;
,i

ii, First, the entire vast gasdynamics experience shows that the

i _ gas viscosity influences the gas flow only in a very thin boundary
_ : layer, where the gas is close to the walls. Study of gas motion in_-_'-,_:- the boundary layer is best made using special methods (the flow in

the boundary layer influences basically processes such as heat

_,_ transfer, for example). Therefore, in order to simplify the problem

- formulation, it is advisable to examine the motion of an inviscid

: gas, i.e., take v = O.

__. Second, it is found that the gas dissociation and ionization

processes can be taken into account approximately by selecting an

.... effective value of the exponent K, and therefore the energy equation

....-Y_= can be written in the form [5]:
• .Ac:"

_t _ _---- , "&, (2.5)
- ":T:\"" "

@- :

;Sz?:!', '

=

o 50
,l

i
.... -....4
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coinciding with the energy equation for an ideal gas*.

In this formula, Q characterizes the heat addition to the gas.

The function Q = Q(x, r, t) is specified in advance (combustion,

electrical discharge), or is obtained from additional conditions --

for example, when Q considers heat transfer.

In the adiabatic flow case,

0=0.

Unfortunately, these two simplifications still require solution /48

of a system of partial differential equations depending on three un-

known variables x, t, r, which involves extremely complicated

calculations.

Essential for further simplification of the basic system of

equations is the fact that the motion in ballistic launchers takes

place in a channel of cylindrical form, but with one or more transi-

tions from one diameter to another; however, the primary motion is

that in a channel of constant diameter.

Consequently, it is best to convert to a system of equations

in which there are only two variables -- linear coordinate x and

time t; in the first approximation, we can neglect the variation of

the quantities along the tube radius.

In this case, the equations of motion, continuity, and energy

will have the form:

0,, tt On t _p

Op Ou __ d In $
_+u_+oT_ tu __=0 (2.7)

ap_L,p(_.+ alns,_ (_ I) _0a-_ _ -aT'/=: -- P_' (2.8)

where S(x) m variable channel area.

N

In this case, K is the polytropic exponent for the considered gas.

51
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In order to clarify what assumptions are us_d in this system,

we need only compare these equations with the equations for axisym-

.... metric motion (v = 0 in both systems, and there are no external

forces: F _ 0).

?

The equation of motion (2.6) is obtained from (2.1) and (2.2),

__. if we assume that:

_= _'_..u. ( 2.9 )

_._ The continuity equation (2.7) is obtained from (2.3), when the

conditon (2.9) is satisfied and the quantity:

• a-Ae_-0
'_ -. (2.10)

and, in addition,

• (_.__ _:__ P."_Wns
Pk_r ° r.] g= " (2.11)

t . Condition (2.10) follows directly from Condition (2.9) and Equation

(2.2), since in this equation, the left side and the term in paren-

theses are equal to zero.

Therefore, /49

0_£p--0,Or

and since p _ p,

a-L--0.Or

Now let us turn to Condition (2.11). For the tube of variable

=, cross section:
c_

S(x)= _r_(=)

and

d In 5' I dS 2 dr
dx _' dx _ r dz '

..°

consequently,

Ou n u 2u dt
Or "I r r d_" '
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_. where

4z

' (6 is the taper angle of the variable-section tube segment).

Assuming that:

' ' _0 U

_._,,_,, we find that :
-

" hence,

--_:: v_utg_. (2.12)

_. Condition (2.12) shows that for (2.9) to be satisfied, it is
necessary that the slope of the variable section region be small.

Calculations show that the taper angle should not exceed lO -

- 15 °, if velocity determination accuracy of the order of 1 - 2% is

- required.

o,.... However, use of the one-dimensional unsteady motion equations

in the light-gas launcher case is possible, even with considerably

larger taper angles. The reason is that the variable-section seg-

ments occupy only very small zones (a few percent, as a rule) in the

flow region; therefore, even a large error in the calculations for

these segments (i0 - 20%) leads to comparatively small error in

the final results.

_- We note that in some launchers, the transition from the light- /50

• gas chamber to the barrel is very abrupt, _ometlmes even a step.

In this case, we must formally use (2.1 - 2.4). However it wil?. be

shown later that this form of transition is not suitable*.

• Moreover, in this reglon, there arises a stagnant zone, creating
a "liquid cone", which smooths the transition from one diameter to
another.

..

53
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Thus, in the following, we shall use the system of equations

(2.6 - 2.8), describing one-dlmenslonal unsteady idea] _as flow; but

even in this form the gasdynamlc equations are incomparably more

complex than the classical interior ballistics equations. These

equations must be solved with the corresl,:,_.llng initial and boundary

" conditions.

Specifically, at the stationary wall:

_/ At the piston, u - Vp (Vp -- piston velocity), and the equation of

piston motion can be written in the form:

dV

>_:' mp__p_ = S(pz - pr ),
- dt

where S -- section area; and PZ and Pr are the pressures to the left

and right of the piston.

It is usually more convenient to introduce, in place of the

[ sought functions u, p, p, the functions u, a, ¢, where a -- sound

I speed in the gas, and ¢ -- entropy function.

In this case, the equation takes the form:

, Ou O_ _ 2a Oa a2 OIn¢ :

I w+"w ”�l�a,,_F_-_ _ a _ -bu--_-)-----_--_-T-, (2.13)

]

I']'.. Now, we can turn to a brief overview of the methods for solvlng

•" these equations. ]

i) Exact analFtic solution. The exact analytic solution of

the equations of one-dlmensional motion can be obtained for the

simple-wave case, i.e., for the case in which one family of char-

_ acteristics is rectilinear [5]. In the LagranEe prob]em, th_;

54
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t_

situation is realized in region i (Flguro 2.]), when the ga_ i_: idea]

and the tube i,_ cylindrica] with constant section.

o In this case, (2.13) takes the form: /5]

i

" Oa c)a _1. 8u7f+u_+_a_=O,
: ¢ --¢I)o-- const,

_ the body velocity in the simple-wave region:

• . 2ao _I [SPot"+i _LI]-{'-')'('*')j:_i, _=_--:vt- C_o-v-- ,

the body coordinate

,. ,.o{ o,o[., ,+. ,),,,..,,?_ .. x = Lc'[- _ t+p-_-- 1--\V_o m •

!. In these formulas, a o _ initial sound speed; m _ body mass; PO

initial pressure; S _ tube area.

It is not difficult to reduce the formulas for the body velocity

:, and coordinate to dimensionless form, introducing dimensionless time:

.... _Tt c

and launch gas mass:

mt ==p-SL = _:-1,x'5'. i
v C a° _; I

I
'i

After elementary transformations, we find:

v r:,,- _= F= 1-- Ih Jr"1
,_ -- _, '-', ' (2.14)

t,c'- ' (2.15)

This solution is valid only up to the point xI (Figure 2.1),

--, for which:

2J-" "+I"t II, rI-m, (2 jr+)

,+
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We once a_ain emphasize that this solution _a applicable for a
,.

,: cylindrical tube only in the case when ther'e Is no heat Input,

_. i.e., when Q = O.

We see from these formulas that the problem solution in the

-- simple-wave case depends only on the parameters H and K. It will be /52

shown later that this is characteristic also for the complete solu-

tion of the Lagrange problem in the cylindrical tube case for Q = 0

• and S = const (in the entire motion region).

i Tables 2.1 - 2.3 present some results of calculations made
!
_ - using these formulas.
!,

.... We should note one characteristic feature. In the limit as

the simple-wave solution is valid for the entire tube, and

it follows from (2.14) that, in this case,

2

• Vli m = __---_ao.
.o

_... For K = 1.4, Vli m = 5a0, i.e., a very light projectile can be accel-

erated to a velocity exceeding the sound speed by 2/(K - i) times.

z

•< Classical ballistics yields for the case the limiting velocity

.- _q = i, K = 1.4):
o

Vli m : a_ _(x--1)_'25a0'

which follows directly from (1.2) for b I : 1/3.

There is still another property of the simple wave which is im-..

portant for the further analysis. In the zone of motion, there is

" some section x I (Figure 2.1) with the coordinate

/_ 2x t

• at which the gas velocity is equal to the sound speed in the course
.-

of the entire time until the wave ref'icctcd _r._m the wall rc,',,:_bes

•- this section:
._

° tli__al"
i .
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Therefore the characteristic of the _c_c_nd family is ditto.ted veri,]-

' tally at th-[s section.

,i

....., . Actually, at this section,

dzl

•: _ :__I-•al_O.

......_ At this section:

2

and, consequently, the pressure and density at this section:

:' - V'""'._.-. _t P" _+U '

2 _'a'i,-i_

" The dependence of pl/P0 on K for this section is characterized by the /5___6

data presented in Table 2.4.
•- TABLE 2.4

i o- "

tion will decrease after arrival of the reflected

wave. Consequently, even at a small distance ]p--_]po]o-_24]o--_27]o'_3t]
from the point of projectile motion initiation,

:_ the pressure becomes lower by several times than
! _

-- the initial pressure in the chamber.

•.... Since section I is stationary and the gas density, pressure,

and velocity at this section are constant, the gas flowrate through

this section is also constant. In this sense, this section is

analogous to the nozzle throat in stationary f].ow. However, all

., this is valid only until the reflected wave reaches section ].

One important consequence follow_ from this analysls. In prac-

tice, the quantity H in the light-gas launchers lies in the range

2 - I0, and consequently the value of xI is appr_)x:imai,__lycqu_l !(_

(0.i - 0.5) Lc. In other words, when the proiectl]_ -_has traw,]_,-]

J.

• 6:
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along the barrel only a f_aetion of the InltJ.al chamber, l_nf_,th, th,_

- pressure on its base decreases by a factor oF 3 - 4. Th:l._ permit;_

_ making the launcher barrels considerably les_ _tronE, than the for, c-

chambers. We shall examine this situation in more detail later.

2) Numerical solutions [7, 46, 47]. The solution of an equa-

tion in partial derivatives of two independent variables is a surface

in three-dimensional space (Figure 2.2). The solution of a system of
i:!:
! such equations is several surfaces in the same space. In the case
I +

i_: of the hyperbolic equations which describe

i "" one-dimensional unsteady gas motion, for zl /_'_

_. solution of the problem, it is necessary I___• to construct the solution (i.e., the sur-
I I

face) which satisfies the initial condi- I I I//I !

tions (passes through the given curve) _j_

and the boundary conditions. _-._J

It is easiest to represent the humeri-
Figure 2.2. Geometric

ca]+ solution construction process as interpretation of par-
follows, tial differential

equation solution

The curve 1 is specified by the initial

conditions. With the aid of the differential equation, we find the

°. derivatives of the sought function along the axes x and t: _z/_x and

_" _z/_t. Since these derivatives are the slopes of the tangent plane

to the sought surface, it is now easy to ccnstruct the tangent plane

elements, and convert from line 1 to line 2. Then we determine the

slopes at the points of line 2, and so on. As the result, the sought

surface is constructed from the tangent plane elements, and a grid

.. (Figure 2.3) appears on the x_ t plane.

Generally speaking, the more dense the grid, the more exactly

the sought integral surface will be represented. However, this is

not always so In certain cases, the solution beduins to "oscillate"

_ and this "oscillation" may not decrease with reo_tctlon of the step /57

size. An example of "oscillatiod' is shown in Flgur<_ 2.4a. Wc z<_

• from the figure that the velocity changes sharply from I,oint tc

._ 6o

=+
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I !...... I

o

point, and the amplitude of these changes

increases. The scheme is unstable, i___\h.---
In certain cases, anotht;r d:[fflculty ', /t

.' arises --the numerical solution begins /

to deviate markedly from the true solu- _'///tion. This usually occurs when the for-

mulas for determining the derivatives _"_<__---"_

approximate the equation poorly (Figure

2.4b). In certain cases, it may be that Figure 2.3. Construc-
•- tion of numerical

the computational scheme (or initial con- solution

. ditions) are selected so that

, the slight change of the ini- _-___.__\,_" . _-_

tial conditions leads to

?P_ marked change of the solution a z
(Figure 2.4c). In these cases, / "

we speak of an incorrect scheme.
b c

More detailed data on the
Figure 2.4. Forms of possible

numerical solutions and correct errors: 1- true solution;

problem formulation can be 2 -- numerical solution

found in the specialized litera-

ii ture [46 - 48]. •

,,_ a) Grid method. In solv- . • • - • •

\' ing the problem by the grid a b c

_ method, we select some grid

for example, a cross -- in the Figure 2.5. Grid types

plane of the sought variables

x and t (Figure 2.5c).

Then, we write formulas which approximate with definite degree

of accuracy the sought functions and their derlvatives at the grid

nodes, program the formulas, and make the cal.ulatlon.

The primary advantage of the; grid method ls complete form:-Jllza-

tion of the calculation. The grid is independent of the i;asdyr_amlc

_,]
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!

3 nature of the problem. As a result, the computational pj:,of<ram:l.s

- comparatively simple.

r But this advantage of the grid method is also its weakness:
i

• problems with shock waves, contact discontinuities, centered rare-

_ : faction waves, and so on, are difficult to compute using this method,
_r
_: . since the grid is not designed to follow the subtleties of the gas-

_ " dynamic solution.

|

li In these cases, we must complicate the scheme by deforming the /58

grid, introducing artificial viscosity, and so on, which complicates

the calculation and reduces the accuracy [46].

I _ b) Method of characteristics [25, 48]. In the method of char-
_ :- acteristics, we use for the numerical computation a special charac-

_ teristic grid, formed by the intersection of two families of char-

acteristics.

_ The intimate connection between the characteristic grid and the

physical interpretation of the equations leads to a situation in

• which the method of characteristics permits following very precisely

_ ,, all the motion phenomena _ representing those subtleties which are

"smeared out" in the other methods.

" The drawback of the method of characteristics is the complexity
• ..- of the computational program, since it is necessary to consider all

.... the specific features of the problem _ appearance of shock waves,

contact discontinuities, and so on.

- A whole series of standard programs has now been developed for

. electronic computers of various types. These programs permit com-

plete solution of any problem associated with gasdynamic launcher

,. calculation_ for which we need only formulate the general In_,._ter

program, which includes the standard program as component e!cmunt::.

_' The master program compilation are presented sl,,:-details Jn /b'9

,- cialized studies (see, for example, [7]).
"7
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,." We note thzt use of tha, z_-, IrOi,_rams r, equiret_ ,u hlf;hly qualil':l_,d

_ px'ogrammer and quite ]_arf_e vo].un,e of computatlorm.l wor'k. Because, of

the high cost and ].onf_ time ].rlvolw_d J_n tbe ezact i_,at_dynam:Ic ca]_cu-

'_, lation, at the present stage of development _uc;h a. ca].cu_atlon :_hould

be considered a reference, verification calculation wh_.ch :l.s performedc_

when "feeling out" the launcher capabilities and preliminary zeloc-

"' tion of the variants have already been completed.

'i..- How sho_,Id this preliminary selection be made? We can find two

!- .. approach.

' i. We can start with the simpler classical interior ballistics

_' equations, introducing into them certain changes and refinements

;i:_. which may be taken from analysis of the gasdynamic calculation data.

_ The drawback of this approach is the necessity for using numeri-

cal calculations, which are naturally considerably less tedious than

the solution of the gasdynamic equations, but still require several

:,. days of computer time.

•' 2. We can take as the basis of the calculation, the exact solu-

i tion of the gasdynamic equations, and take the remaining factors into

account by a series of coefficients.

The coefficients themselves must be determined from several com-

parisons of the exact complete particular problem solution with the

.: selected solution.

..°

• In the following, we shall develop this second approach. The

launch velocity from the gasdynamic ballistic launcher can be repre-

- sented in the form [see (1.6)]:
_ o

i_ V=V l_-?l?,_3ao/(I_, x, Je). (;-'. 17 )

In this equation, a 0 _ in_tlal sound sl,eed in the l_ght launch gas,

.. /(If,x,_)_ complete numerical so]uticm of the I,:_gr:_n_seproblem for

"" an ideal gas and tube of corn.t_ml, section; _ _ relatlve plston

coordinate.

............ _ _ ._ _v-,_ i
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_ • . •This solution was ob,,a1.ned in ]960 Detailed data. for th:Is
_°

" solution are presented in Figures 2.7 - 2.9.

The coefficients _i take into account the chamber shape, gas

real properties, thermal and friction losses, individual launcher

: characteristics (for example, piston displacement, and so on).

: Data on these coefficients will be presented later.

< In concluding this section, we should make some remarks on the

-_ complexity of the computational operations using electronic computers.

Numerical solution of complex problems on electronic computers

is now termed mathematical experimentation. This term reflects quite /6___O0

accurately the essence of the matter. Actually, the investigator
d,

must first formulate the mathematical solution scheme (algorithm),

program this algorithm for calculation on the specific computer, and

: then debug the program•
|

I_ In the debugging process, it is necessary to identify and

eliminate:

a) technical errors made in the programming process;

b) possible systematic errors which lead to oscillation of the

solution, etc;

c) possible fundamental errors which lead to obtaining a smooth

- but erroneous result.

Therefore, the investigator must continually seek techniques

for monitoring the solution by some method which is not associated

with the solution algorithm used in the program, and must analyze

the results during the computation process.

In this connection, two _pecialists usually participate in the

• program solution: a gasdynamicist, and a mathematician.

64
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§ 2.3. Numerical Solution of the l,agrange Problem

i for Various Cases

Figure 2.6 shows the general scheme of slngle-stage and two-

stage launchers.

The simplest computational variant is the calculation of the

i_ motion in the single-stage launcher in which the chamber section isequal to the barrel section:

f !

This problem is termed the La- __ z__-_-Lb____ _
grange problem for a cylindrical

tube. a

2 I! A !

More complex is the variant _ / ,_ -./
S 1

of the solution of the same prob- U. _-4 '--, ""

lem when: L-'-*_x'_ L L_Zc-_'--_---.L ba-__0 _-_

N@s. b

This is the Lagrange problem for Figure 2.6. Ballistic launch-

a tube of variable section, ers: a) slngle-stage; b)
two-stage

It is obvious that we must resort to the solution of this same

problem if we assume that the piston which compresses the light gas

initially occupies its extreme position (Lc in Figure 2.6) with the

projectile stationary, and then (with the piston stationary) firing

takes place.

a) Numerical solution for cylindrical tube. We have mentioned

previously that the solution of the Lagrange problem is of funda-

mental importance in gasdynamic launching theory_ since it makes it

possible to clarify all the physical laws governing one-dlmensional

unsteady gas motion, j

i

65 i

,.; .L .i i li

00000001 -TSF02



! i 1
,,:

I
I

! L
l
j :

l
j In the cylindrical tube case, the solution of the Lagrange prob- /6]_

lem depends on the adiabatic exponent K, and on the ratio of projec-D "

i The comp]ete numerical solution of thisE tile mass m to gas mass m I.

i problem for three values of K = 1 4, 1 22, and 1 67 in the range

I .., ml/m = i - i0, was obtained in 1960, and published in [8]• The solu-
i

! " tion was made using the method of characteristics.

i

i Considering the fact that this solution is complete, and tables
i:

have been compiled for it, it is desirable to use it as the basis for

.- ballistic launcher analysis. Therefore, it should be examined in

considerable detail.
i

[ Figures 2.7- 2.9 show the dimensionless body velocity V as a func-
m _. tion of the dimensionless coordinate _ for various values of K and
I

[ H = ml/m.

b
! We see from the figures that the velocity variation becomes

I : slight, even for _ _ 18 - 20.
[
i

mt m m

[ '. • . ..
[
[
p .°

[' 3 __.1"" ......

[

I
i .

r t

! "
0 3 4 6 8 @ tZ _ 16 _ _ _ _ Z8 _ _ _ _ J_ Z

f
I

Figure 2.7 Solution of the Lagrange problemi "
for cylindrical tube

I ....

[
I

[ Figure 2.10 shows the results of calculation of the gas velo-

city and sound velocity distribution along the chamber at various
I '
1 _ moments of time. We see that the velocity distribution is nearly

:7 linear, i.e., in the cylindrical tube case, the assumption of

i " 66
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°o

:- interior' ballist]_cs on
• ;C"/,4

linear velocity dl_trlbu- _ !!_! - _. 7 .; [;_Ti;-
tion agrees comparatively 4o

3

.... 1.j" t_'" ,well with reality. How- ______,_/_j_ t
•"_"T .. .....

ever, the pressure varies a_,._,_._., ___.--_--,.____i_J_I)II"__a ., _ .... _. _._markedly along the chamber __r._i_ ., ' _ .o. -" .J ' : ._5 .... _-
i-_L I _ I L rn _ i- . .

(in contrast with the as- __j_h__f___..ji._
sumptions of classical bal- ',, IiI IL'

0 2 4 6 II '0 /2 I,_ 16 I_ 2.0 ZZ _ _ I._ .,_ ,I2 _ 36 ".*
listics).

Figure 2.8. Solution of the Lagrange

The weak variation problem for cylindrical tube /63

of the sound speed along

the chamber in spite of _g_=_. __'iI'6_ _, __ .

the marked pressure re-

!'.- duction is explained by

the fact that the den- _
I ,

sity decreases along

with the pressure reduc- _!_
_. tion, and the sou_.d speed: o z 4 _ _ ,_o_ _,_ _ _ _.,_z_._4 _ e_ _ _

=._._. Figure 2.9. Solution of the Lagrange
FP problem for cylinCrical tube

Figure 2.11 shows the depend- v,_

ence on _ of the coefficient _, / _t, _/I,
characterizing the ratio of the o,_ _- _.

projectile base pressure to the 0F 4

barrel breech pressure: o,_

• 0,/
= PC _ _--_-

In this same figure, the Figure 2.10. Distribution of /64

dashed lines show the results gas parameters along chamber' inthe Lagrange problem

obtained using the classical

• ballflstics formula. We see from

• the figure that there is ho agreement in this case.

67
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• Ppr/Pc ]J

, _8 Equation (1 l)

_- -2 2 Exact solution

_ Simple wave

_2 _ll_ _ I _ .... _ l _ f _ _

m

_[lllllll{ll

0 I2 4 o 8 _ /2_ _8_2o _ Figure 2.12. Comparison of vari-
ous solutions of the Lagrange

Figure 2.11 Variation of ratio problem
of projectile base pressure to

breech pressure with time
bs

._ii!:: Figure 2.12 compares three @ .

formulas: exact numerical solution, _ _ I _ _ ___ ]:; ,__. _
simple-wave formula, and approxi- _/ . , , , _TT-_ _ , , ._--T-T--I I1 ]_L[_[_[ []x'"_'l 1

mate ballistic solution [Formula -'_i ][--l--_I-I'_--_i__ _
(1.l)]. The curves are plotted 2 3_ 5 _ 78 #_0 /2 /4 _

L.

for K = 1.22 and _ = 20.
f: Figure 2.13. Approximation

- coefficient bI
Figure 2.13 shows the coeffi-

cient bl, which is defined so that

_m the Dallistic solution (i.i) will coincide with the exact gasdynamic

solution. The comparatively small discrepancy between the exact

....... solution and (l.1) makes it possible to approximate the exact solu-

_._. tion by (i.I), with replacement of the coefficient b I 0.33* by the

i coefficient 0.28 - 0.26 in the range H _ 1 - i0 for _ _ 3 and above.

..... The existence of this approximation permits making some analytic /65

studies of the extremal launcher regimes.

We mentioned previously that this solution was obtained by the
-

.... numerical method, and therefore it is necessary, in principle, to

justify the possibility of its use.

Which is used in classical interior ballistics _ dashed line in

Figure 2.13.

68
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Analysis of the solution accuracy was made by comparing the

: numerical solution with the analytic simple-wave solution. This

comparison showed that the numerical solution yields an error not

- exceeding one percent.°,.

b) Numerical solution for tube of [_]2r ._

-
variable section (Q = 0). The system of _' i Lc
equations (2.13) for this case has the

form (see Figure 2.14): Figure 2.14. Notations
adopted for tube of

• au au 2a aa--0, variable section7/"-4-.tt_-_-4-_-I a_

. _-7+_y/+ a --. T/+ u--_-)=u, "
'" c__ _o "-- ¢onst

_ If we introduce the dimensionless coordinates:
o

Lu,1

L--_i

u

and correspondingly represent the sought functions in dimension-

. less form:

U------:A=:-t
ao _ a0

: and also specify the chamber profile by the equation:

• r
" -.... :-R (_L
,,. L c

then, (2.18) can be written as:

_-.... " .#- I' ,)l" 2A ,):t-_[-k;---7--_ =:0,

::.. ,,, v +

It remains to transform the boundary condition at the piston. The

equation of piston motion:

-. dF

m _(:- sp, where P =:/_' Po,

" may be written as: /66

d (W,*,,)

..

'" (i 9
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'r,

.I I I
I

hence,

'" sI, pOp4F =p.I_L,O = C

where a-"-'-_p_

: The chamber volume can obviously be represented in the form:

•. W c = bSL ,
_] C

.... where b is a numerical coefficient (for a cylinder, b -- 1); there-

fore, we can write:
7

. sL c O0 _' '_Po-- rn#, b' "

or:

OF m I

where m I B launch gas mass.

_: Consequently, the boundary condition is defined by still another

' dimensionless parameter H (the parameter b' is calculated uniquely

if the chamber shape is given).

_ Thus, the solution of the Lagrange problem for given K in the

• case of variable-section tube depends on two parameters: H and the

" chamber profile R(_).

In the cylindrical tube case, the chamber form parameter drops

out, and the solution depends only on a single parameter. This situ-

" ation has made it possible to construct the complete solutlon of' the

Lagrange problem, and obtain universal tables.
....

In the varlable-sectlon tube case, Jt is not possible t_ obtain

"" such a universal solution, and it is necessary to make an _ndividual

computer calculation for each specific chamber shape.

" 70

00000001-TSF07



I I

A complete study of the p_'oblem dcscribed below was made in

.. 1961 - 1963, and partially published in [7].

Figure 2.15 shows results of the Lagrange problem solution for

• a tube of variable section.

t
._ 3 15.

V

_.L t 5

. Figure 2.15. Solution of the Lagrange problem
' for variable-section tube

In the figure, the wall pressure (pw), piston pressure (Ppr),

dimensionless piston w_locity, and piston coordinate are presented

L ." as functi6ns of time.

," A series of calculations was performed in which the chamber dia- /67

meter ratio R/r was varied, in order to determine the flow pattern

characteristics in the variable-section tube case. This diameter

ratio is normally termed "chambrage" in interior ballistics. To

-- analyze the influence of "chambrage" on muzzle velocity, we need only

examine (2.17), and note that the quantity _ in this formula charac-

.. terizes the gas expansion ratio in the firing process. Actually, iC

_ we denote the initial chamber volume by Wc, and its instantaneous

_ value by W, then, obviously,

_. W = W c + Sx,

whore x is the distance along the barrel traveled by the Di:;ton.

_ For the cylindrical tube:

-- 7[

- '-'":_"Cc _'_:_-_-_ ......_'- _ . -................ _ "__ ./.......... -_I _ I " I i
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W S='; , .

and in the variable-section chamber case:

W Wc_ Sz S=
,.

Specifically, as the projectile departs _"a=l+3"_-=t-SN, where Wba

is the launcher barrel volume. If we now divide the variable-sectlon

.. barrel muzzle velocity by the cylindrical barrel muzzle velocity for /68

the same values of H = ml/m , _, and Ww/W = N, we can obtain the re-
'_'l.

.. suit shown in Figure 2.16.
• _!

I I
• We see that for the same small _ o__ [ _--f---/-- /

< expansion ratios, the launch velo- t-

city from the "tapered" chamber is __=_-i-J i___
higher than from the cylindrical _t _ 3 _ 5 _ _ _ q m
chamber by about i0 - 20%. Then, _c

this advantage decreases and vanishes

for an expansion ratio of about l0 Figure 2.16. Ratio of
" launch velocity from tapered

chamber to launch velocity
from cylindrical chamber as' The favorable influence of
function of expansion ratio

"tapering" on the launch velocity is for the same problem para-

associated with the fact that, for meters

the same volume of the space behind

' the projectile, the "tapered" chamber is shorter than the cylindrical

o -. chamber, and therefore the process of rarefaction wave reflection and

pressure equalization along the chamber takes place more intensely.

The wave processes are stronger in the "tapered" chamber, which is

contributed to by the process of wave reflection from the chamber

- throat. Figure 2.17 illustrates this process, and indicates that the
,,.

$ pressure decrease on the aft wall of the chamber' takes place more

slowly, the larger the "taper".
l?.l

.._ A characteristic quantity in the launch process _s the overall

efficiency, which is obviously cqual to:

72
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_ , body kinetic energy .. E°
_----: ga,q k_nc, t]c enorF, y --_'o"

where :

and :

go---"_T_-i3 '
'.

)' therefore,

' mV_(_-t) ,, _(;,.-I) y+,+_(-,-l).I,"+'._=-_.%T -+ ,.-q" + m

For the "tapered" chamber: /6__9

v_[=p = z)='_,I, V_=O,
ao ++./(1I, x, (2.19)

where ¢i is a coefficient defined by the

relation of Figure 2.16, and f is the , Pc_'_._./_R//--_

dimensionless launch velocity for the _8 _ x=],+

: cylindrical chamber case. t£?o,,+_, _m'_,_

\\
+.. Consequently, we finally have the __'_'_-.e/_-2

expression for the overall efficiency: _z

.(4--t ) _ ]0 /+ 20 z
'_= "2-"_-- _;' P'

Figure 2.17. Pressure
on chamber aft wall for

.... The dependence of the quantity different "chambrage"

" ,(,.--l) .]. . the efficiency for.. _=__ , i.e ,

the cylindrical chamber, on H for different K is shown in Figure

2.18. The value of the thermal efficiency r as H + 0 is calculated

from the conventional ballistics formula:

,=i--[ .... j)"c.....'?"
\Wc+ %a / '

since in this case the gas expansion takes place infln_tely slowly.

It follows directly from (2.19) that the efflcl_,n,+'++y for the

._. "tapered" chsmber _::, hi,+her than tint' 1:hr, cy]-]_,4r_(:_+] ._'.[}:!).mb_:r'_ :.,if).':) ....................................

:" ¢i > I (Figure 2.16).

7;_
,°
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.......... I , I I ,

:.... "7t_ iI, /j_

• ............. \ mlT..o,rm1 I ,,I.o/
._8" 4_I.....I elllclency

_ _ Figure 2.18. Efficiency of r__ 8 8 m xz s_r,_

" launch process from cylindrical ........ ,-_chamber as function of ratio

,,'_i:" ml/m Figure 2.19. Distribution of
m_,_ gas parameters along variable-

_> section tube

i. We see from Figure 2.18 that,

__ for sufficient large _, the actual
,,:_!_,:_.

•, efficiency is significantly _ower than the thermal efficiency.

. Concluding our examin_,tion of the numerical solution of the La- /70• grange problem for the variable-section tube, we need only present
'L_7:-:

the data characterizing the distribution of the sought functions

ii" along the barrel bore at some fixed moment of time t (Figure 2.19).

,_ We see that, in the variable-section case, the gas velocity along the

,_ x coordinate is definitely nonlinear. The variations of the sound

.... speed, and particularly the pressure, are quite large.

i - The data presented above complete the Lagrange problem solution; _i

however, it is not always convenient to use the solutions obtained I

• above in practice.
..o

For practical calculations, it is better to generalize the re-

sults obtained as follows. If we take the launch velocity from the

• cylindrical tube for some expansion ratio _, and refer _t to the vclo-

city for the same values of _ and K, but for _ = 20 wc obtain some

.... function _P(x) which is found to be practically independent of _ and

_=-_ H, i.e., it is a universal function oCthc expansion ratlo for t}_c

cylindrical tube. If we now multiply this function by the coc,ff_.c_,:,nl.

: characterizing the "taper" (Fit",ui'e2.]0), a urllvcrs_] corrcct]o_i

,/
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function is fo_',med which maker, It po:_sible to obtain the ]uun(,h

volocity from the "tapered" chamber for a g,iven expantYton ratio N,

if' we know the launch velocity from the e,ylJndr.]eal tube For _ = 20.

This function is denoted by _V' arid :Is called the expansion

ratio coefficient (Figure 2.20).

The launch velocity from the "tapered" chamber will now be

determined by the expression:

v
..... , .j(ll, > .'r:.-_2t)),, (2.20)

and for its determination, it is sufficient

to have two graphs (Figures 2.20 and 2.21). _ ....

_.
We shall use these figures and (2.20) o,4

later in discuasing the design technique _a_-_----_-____]!:ILIa.
3 _ I ,'J u 13 <_ l/ _0

and the approximate calculation method.

W Wba
-- = _---- + l /71

We shall later introduce into (2.20) Wc c --

two more coefficients: er -- coefficient Figure 2.20. Expan-
sion ratio coeffi-

accounting for the real gas properties, and cient

eL -- coeffic._cnt accounting for the losses

(including the heat transfer and fric- +'-/(,_,x.,,e,',j ]
]

tion losses). 3 +-]__+'.+

2 ......... b_--
c) Nurlerical solution with back- + '/" _

I

pressure. In the cases examined above,

it was assumed that the pressure ahead o _, t0 _ o

of the moving projectile is equal to
Figure 2.21. Solution of

zero, i.e., we examined projectile the Lagrange problem for
launching. However, the prob]em of x = 20 and various K and

the piston motion in the llght-gas ml/m

chamber is no less interesting. In

this case, the light das is ahead of the piston and offer'_; increasing

resistance to the piston motion (I,'igure 2. °.') [7, . •+- 37] It, 1.h:is ca;;,,

r i } i _,,r,we have the Lagrange problem with baek[r(;,,,,ure.
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The mathematical aspect of the [ j "_'_1_- 1! i
pr()blem _olution _n gener:_]ly _iml]ar .--_-_,nL=
to the problem without backprec,_ure,

- which wa:_ examined above. The solution Figure 2.22. l)1:_ton
launc her

i_ made with the aid of' the same

• standard programs; however, the master
,_...

". program naturally becomes more complex.

_ The problem solution in region I (Figure 2.]) is entirely ana-

logous to the solution of the problem without backpressure, and there

is no need to dwell on this solution. As for the problem solution in

• region II ahead of the piston, it must be broken down into three

: variants. When using a very heavy piston whose velocity is consider-

' ably below the sound speed in the compressible gas, the compressiontakes place without shock waves and, as the exact calculations show,
L

_i practically coincides with compression along an adiabat. In the case
,, of a light piston and quite long region ahead of the piston, a shock

_ wave appears and, as it reflects from the wall, begins to travel be-

tween the piston and the wall. In this case, the problem solution

_' becomes much more complex, and it is necessary to use the standard /72

programs for a shock wave.
!'

Finally, in the case when a diaphragm is installed in place of

the piston, the problem solution becomes so simple that it is easily

_i obtained analytically [38 - 41].

It is best to begin the analysis with a short description of

" this very simple case.

i) Compression by a shock wave (Figure 2.23). Figure 2.24

shows the pressure variation along the coordinate, and Figure 2.25

, shews the notations of _he gas parameters in the incident and ru-

i flected shock waves [7].

Table 2.5 shows the gas parameters in the incident shock waw_

as func;,Jon::_of Dl/a p._

I-

i -<G
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_i ,I , I I

" _ / .J ( i I fl (" ra,,HOCK WAVE A,._ l_qJNdT].fl_,> OF

t J Z D1/a 2 (],'O]-_ K = 1.11)*o '"

o_m. -

" 11 %_. .._ I,(H,_ |,(HI I,{_) 1,OO
, \_ I / .._.i_ |,O ()
i'_. k_I/. _..._"'_ 1,t 1,0l; 1 ,f);I (),l_, 1,1,; JJ_)",'_.'_ '_ ¢ 1,2 1,02 t ,06 (),:it) 1, :Li I ,(,)

1,3 t,iU t,O!) u,44 ),51 t,lX)

i,4 1,25 1,12 0,57 I ,{;_) l,O!
r, :' 1 ,6 1,38 1,17 (),71 2,1)3 1,()4

,_ Figure 2.23. Notations adopted t,8 t,5:l t,2:) t,o:_ _,::, t,os
.....- for gas compression by shock 2,0 I,_ 1,2_) J,2.:.',,,_,; 1,14

.!':_} " 2,2 1,8., 1,:]0 1,4,', 2/)', t ,20

-_,:_,.,. wave : 2,4 2,04 1,42 l,(i:, 3,21 !,27

. 2,6 2,23 1,49 t,_4 3,4t 1,36, 1 -- high-pressure chamber; 2.8 2,45 1,5(; 2,o:_3,(i_it,4",
_* 2 -- low-pressure chamber; 3 -- 3,0 2,67 1,63 2,2" 4,_)_ 1,55

3,2 2,92 t ,70 2,40 4,0:) 1,67
.... diaphragm; 4 -- region behind 3,4 3,18 i,78 2,5,_ 4,18 i,7,,)
:: reflected shock wave (the gas 3,6 3,45 i,85 2,76 4,33 t,92

3,8 3,74 t ,93 2,94 4,45 2,0.,
- parameters in this region are 4,0 4,04 2,0I 3,12 4,57 2,'2()

of greatest practical interest);
5 -- reflected shock wave; 6 --
contact surface; 7 -- incident

'. shock wave

Translator's note. Commas in

,o, numbers represent decimal
points.

I
n'.o.a_.r'l ,

: o, u,,&,&, o_ _ ,r,-, .-_ ;,I,,.
.... Figure 2.24. Pressure varia-

tion in arbitrary discontinuity a b
region

_: Figure 2.25. Notations
adopted in incident and

:_ Let us examine the scheme for reflected shock wave
_,- calculating the gas motion (Figure regions

2.23). At the instant of diaphragm

,_:'. rupture, a shock wave propagates in the gas 2 in the low-pressure

chamber, and a rarefaction wave propagates in the gas 1 in the high- /73

' pressure chamber. The obvious conditions of equality of' the gas

pressure and velocity on both sides are satisfied on the contact

surface, where the gases 1 and 2 are in contact. Writing the condi-

tions of equality of the velocities on the contact surface, und t_lso

" using the known relations from shock wave theory, we can obtain a

77
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_,_,,_*e_of equations which makes it possible to calculate a].l the_, I,-)J I. ,,J .ll_.

sought quontit ]e'_.
°

The calculation is made using the formu]as:

-" " .i

k

-_, Ft {p__(,,-,'.',,l

':" D_.L =- P*
:" M, p* -- p| '

i: °.--/,, ˜�œ�I " The calculation of the gas parameters in the reflected shock wave is /74

" l " I made using the formulas :

(3_.--i) p'-(,..,- t)_2

- ,_"=_-i +$__P4 "_ '

• n _,. r (_

.;

4mm Figure 2.26 shows the functional dependences of -T-_,T4"P--_'P_ _' on

":,i ]gp/_-for the case with OHHM (optimal composition) explosion products

!-._-_..=-- in region i, and hydrogen -- in region 2.

/_._ The following is an example of the use of this figure

: l Assume the OHHM explosion yields the pressure:

. p,=5000 atm,

and the initial conditions for the hydrogen:

_-_ p,_5 atm, Tt_-3OO°K, _.,_-'I.
• i

_L- Consequently, !

,, " 78
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and we obtain from the figure: /75

p__ _s___.-- I_)U. ,,5.... !),%()atm, ,I,_ ._ ,1,,---3o:_• I -_-..},.,,
T4

T_::=_ Tz--: 10. :30()_ 3(l()0'H_.

P, [

t¢ • Vp400- _ "

,.1#o..

" r., _ Xsw
_-44 %

"" _Vp :,/ Front wall

! Z 3 4 [9,

Figure 2.26. Parameters in z, ¢0, 0.0_ 405
reflected shock wave as func-

tion of initial pressure dif- Figure 2.27. Solution of the
ferentia] in launcher with Lagrange problem for variable-
OHHM in region l, and hydro- section tube with backpressure

gen in region 2

We note that:

i.e , the light-gas compression pressure is lower than the OHHM

pressure. We can obtain p_ _.p_ only if an additional charge is burned

in the driver gas.

2) Compression by a light piston. We mentioned previously

that in the light piston motion case, a shock wave appears ahead of

the piston, and the wave formation coordinates are expressed by the

formulas presented in § 1.4.

Figure 2.27 shows the results of an exact numerical calculation

of the Lagrange problem with backpressure (tube closed at both ends).

Here, D1/a 2 and D4/a 2 are the dlmensionlcss velocities of the

79
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Ine:l.c_entanU reflected :_hock waves, x and x are the p-i:3ton and
p sw

shock wave coordinates, and Vp/a 2 Is the dlmens_on].es_ piston velo-

city. Point i corresponds to _nc:ident shock wave reflection from th(_

end of the tube; point 2 corresponds to shock wave reflectlon from

the piston. The curves of pressure variation on the walls and piston

ends are not shown to avoid cluttering the figure. The magnitudes

of the functions shown in the figure will vary, depending on the

initial conditions _ initial gas pressure on both sides, piston

mass, geometric dimensions, etc.; however, the general pattern re-- /76

mains the same. Therefore, we can limit ourselves to this example.

The primary quantity characterizing the process of compression

by a light piston is the entropy growth in the compression process.

The notations adopted remain the same as before: Dma x is the

maximal shock wave velocity; a 2 is the initial sound speed in the

light gas; _* is the entropy function behind the shock wave; _2 is

I the initial gas entropy function, ¢4 is the entropy function behind
the reflected shock wave.

The numerical values of these quantities are shown in Table 2.6,

as functions of the dimensionless maximal piston velocity.

We see from Table 2.6 that: TABLE 2.6*

__A_...]/___. Vp1_, ,.,_,,._ ,,_

m_Z

Consequently, in the first approximation, -_, I,s72,062._
-'.l_'_l@.jl,t! 1,16 I,_

the entropy function growth in a series of ¢_,I¢, 1,17 1,25 I,_

shock waves can be expressed by the formula: %1¢. 1,035I,U8 I,I14

_ -_._-.'_""_/'_-i'l._/-_"_" *Translator' s_-_... (2.21) note. Ccmmas in

numbers repre-
The first three terms in this product sent dec ima]

are most significant. This can be shuwn by points.

8O

...,..-. -.-_:_.--::=-=...................................... --_ .,__, ,.,._.._ _ ........ _-_'_'_'_'_'_'_'_'__ .,_
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the example of the data TABLE 2.7_

(Table 2.7). [tlon no! i _ ' ' _ _

The value of ¢1/_1, I *"*' I':'i ....2,07 2,;lli ] 2,52 I ,(t)_, I

calculated using (2.21), ,

is 2.58. Translator's note. Commas in numbers
represent decimal points.

_ These numerical calculation data make it possible to evaluate

the order of magnitude of the entropy function, and indicate the

following important fact. Since the light piston velocity must be

greater than the sound speed in the light gas, it is obvious that it

will also be greater than the sound speed in the gas located behind

the piston. When using powder gases with ratio H _ 5 - 10, and no
!

backpressure, the maximal piston velocity is 2000 - 2400 m/sec. In /77

the backpressure case, the practically achievable piston velocity

V _ 1500 - 2000 m/sec, i.e., in relation to the light gas::: p max

V
p max _,-- 1,_5 --1.8,

_ a 2

and, consequently, the shock waves are weak Therefore, in the light

piston case, it is best to use OHHM as the driver gas, for which the

realistically achievable piston velocity with backpressure is 2500 -

3000 m/see. This fact must be considered in designing light-gas

launchers with a !ighb piston, in those cases when the light piston

is used to provide compression wlth significant entropy increase.

We note the follcwing fact: in the shock wave reflection process,

-- a high _ntropy function gradient is created in the gas, which is

particularly clearly seen from the data of Table 2.7 and _igure 2.28:

the gas particles adjacent to the piston pass through the shock waves

2, 3, 4, 5, 6, 7, 8, and the entropy growth in the particle I (Fig-

ure 2.28) _ = 1.196 • 1,146 • 1.05 • 1.03 • 1.016 • 1.005 = 1.54.

Conversely, the gas particles adjacent to the wall (II) pass throu_h

all eli;hi shock waves, and the entropy function growth:
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_,, OIr _-:2,,ill;,

"
The prenenco of the entropy function _ _G__________jm :

- ,_o3,/" _
_. gradient leads to the presence of a tern- __-----_.._.._

_,. perature gradient: /.'// C__,
/,SAL

Pt "_ t ¢'! -_w,--=1,73,_,n:.'-= l,..t!l. ,:
fP__,.t U

- Figure 2.28. Shock wave
travel ahead of the pis-

....... Thus, the temperature on the piston ton

...... is lower by a factor of 1.5 than on the

_ wall. Therefore, for approximate determination of the entropy growth,
++t+_+:.

+ . it is necessary to select some averaged value.

., .,

. _ 3) Compressi6n by heavy piston. By heavy piston, we mean one

which during its motion in the light-gas chamber does not give rise

. to shock waves, i.e._ it _erforms compression with constant entropy.
,J

L

However, it does not follow from this that, when using a heavy /7__88

.... piston, the process takes place in equil_brium, and therefore we can

,. in all cases use the conventional thermodynamic relations.

tribution along the chamber of a piston

.. launcher with heavy piston. We see .

-_--" : that there is a region of reduced pres-

_ sure behind the piston, and a region of Figure 2.29. Pressuredistribution ahead of
_, elevated pressure ahead of the piston and behind moving piston

_ (if the piston is accelerating). The
-.$ dashed line shows the pressure distri-

• bution in the uniform expansion case.

+ The correct magnitude of this pressure rise and the correspond-

_:" ing pressure reduction can be determined only with the aid of exact

_:_ gasdynamic calculation.

Exact calculation of' the entropy f'uilctJr_i_ [_:'owl.t+ in a s_sl..,.,t, ,,F

shc_ck waves is extremely complex; therct"oru, it ]:_ b,_._t t<._ c<._rr,.l_,t,.
+

] ' _ I I • + II - l I - --_
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the results of the ca]culni, lon_ into a

unil'](_d m:].tttlorlwhich tn.kc,'_Into :iccourlt

the sound speed Incr(nlse in the _hock _,

compression case, _n compar:lson w:1th col_-
". I._ ......... l-

ventional adiabatic compression to the
1,4 ............. .---, .....

same pressure. From (1.8) fcr Pmax/Po = /,_ ............... /
: const follows : to2..... [_ ....

U ..... p./--------

Lsh°ck _--_) ==K,. (2 22) 0 ! 2

aad Vp max

a 2

Analysis of numerical calculations Figure 2.30. En-

of shock compression shows that Ka in the tropy growth coeffi-cient versus dimen-

first approximation is a function only of sionless piston
velocity

the ratio of the maximal piston velocity

Vp max to the initial sound speed in the

gas being compressed. The dependence of Ka on Vp max/a2 is shown

in Figure 2.30.

§ 2.4. Corrections for Real Gas Properties,

Friction; and Heat Transfer

In order to account for the real gas property influence, it is /79

necessary to solve the gasdynamic equations in the form (2.1) - (2.5);

however, this leads to tedious numerical calculations, as we men-

tioned previously.

Therefore, it is simpler to evaluate the real gas property in-

fluence indirectly, with the aid of coefficients. It is best to

introduce two such coefficients: the coefficient _r' which takes into

account the launch velocity variation caused by the tht:rmodynam]c

pr'occsses taking place in th_ gas (sp_,cifJc heat va_'iatien witl_ tem-

perature, dissoeJ.at.]o_l and _,ecombfrlation, and so on), arid tt,_ co_l'I':[-

cient _L' which takes into occount the velocity r'educt, i,,_ du_' to,

f'ri_l, ioll ut_d hctlt trarlsi'c'_' witi_in l, tl<' barr<,l.
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i_ Generally sl:)o;iklru<,the (.oelflcffent is not :t ]oss c'{_c,f[']-

_: cient, slnce, in the bn,]l:Ist]e x,:Jn[_,ec;x_](,_jth(_ baxLr,el ](._riff,tl-JIs such

:_ that the dissoclated molecule reeomb]natlorl procc:sseg can tuke I)]a('_'
rg,

_ entlrely withln the launcher. This is actually n. correct:Ion factor.

....SJ,, To determine the coefflc_.ent Or, It is necessary to solve the

Lagrange problem for the case when the gas internal energy is given

in the form:

_E(p, T).

Uusually, the internal energy is specified by approximation

formulas constructed from the gas thermodynamic function tables. To

determine Cr' it is necessary to compare th:s solution with the solu-

tion for the cylindrical tube with an ideal &:_s.

The coefficient Cr is always larger than one, since the recom-

_; bination taking place in the barrel is equivalent to energy input in

--_ the expansion process. This result is logical if we consider that

_? : for the same p and T, the ideal gas has considerably less energy than

the real dissociating gas.
!.

As a result of the calculations made, we can reco_nend Cr =

1.05 - 1.1 for hydrogen, and ¢_, - 1 for helium.

The velocity losses owing to friction and heat transfer are

• taken into account by the coefficient eL' hich is of the order:

" ¢L "" 0.85--Op,_ kP.., (;00_1- iO0_YOatm "

i'

' This coefficlent is conveniently broken down into two cocf'fi-

:. clents :

¢L = I " 'i't,.,L

: :-')4
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where _L1 accountg J.'o_, the lo_:eg from hc_:tt tranqf_>r and f,,u_ fr:tcl.]r_n, /7(,

.= and @L2 accounts for lo_ses fr'om projectiie fr,J(_'tJc_n.

" _ The estimate of the coeffl- _0__[_i_]__-[__._.iv lt_Z .........m" _

_' cient @LI was made by analyzing the ..... •

Lagrange problem solutions for a cy- _-_
c

_ .i_,_ lindric al tube with heat removal _ _ 4 _'_i_ . -L v_--'_'_ .. I

o :. along the barrel. Figure 2.31 shows y I I I.._I_| _ _,..,. I

o the calculation results for three 2 _ _ e ,,0_2 I4 ,'8 18 30 A

_ _ cases: i) when there is no heat Lc

".... addition; 2) when an amount of heat_." Figure 2.31. Influence of
_ii AQ, equal to the initial gas energy head addition on launch

Q0 is added, velocity:
1 _ no heat addition; 2

_.'=Qo; __@_ _A@_ _ with heat addit ion ; 3...... with heat removal

and 3) when heat is removed

: (@-o,s,i.e., ....o.20o).

_-.. The heat transfer ar,d friction coefficients were calculated on

_' the basis of the conventional formulas of heat transfer theory. The

,. coefficient ¢ _ 0.95 - 0.97.
o Li

o - This small deviation of the coefficient eLI from u_ ity, in spite

of the apparently large influence which the real gas properties

should have, is explained as follows.

.._

It was previ,,_sly shown that the overall gasdynamlc launcher

efficiency is extremely low; therefore, the major Dortion of the IY_:;

energy remains in the launcher chamber, and is not ut111zed for

launching. It is this portion of the gas energy which balances the

.] basic heat losses due to heat transfer, which naturally h_:_ w.,ry

.... little effect on the projectile velocity.

k
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i i 1 iI I f

.=_lk rJ_.ho ].oszoS ]['rOlll proJ<,_:ti] +_ ]Tv:tet:lon wor'o r:Vtl] LllJ.1 0(| b()gli COll:-

putat:tonn.].ly and expo+r].menl.a]]y.

[. For very highly finished new barre]s, the value of the +.,oei'i']-

clent eL 2 may reach 0.97; however, in practice, it is som(+,what ]ow+,r' /hi

(-0,9:',--0.9;,),and the friction influence ii,creases markedly with ]aunch

., velocity increase, and decreases with launcher' caliber' increase (,Just

,." as does the heat transfer influence).

In closing this section, it is advisable to present some data on

the thermodynamic properties of hydrogen at high temperatures and

pressures. For the parameter region studied, the thermodynamic prop-

erties of hydrogen can be calculated from the equation of state in

virial form, which is theoretically best:

z = I + B_+ c: + .... (2.2 3)

t.! where Z=:2_ -- the compressibility coefficient, p -- gas density,RT

C and B -- respectively, the second and third virial coefficients,

which are functions of temperature, and R -- universal gas constant.

For practical calculations, it is convenient to use the equation

of state in which the right side is an expansion in powers of the

pressure:

z= t + _'p-_ ¢'p_+..., (2.24)

where B' and C' are connected with the equation viria], coefficients /8:___3

by the relations:

H
H'=_-y

and

RT' "



° • r(' •TABIK 2 8 I Ott N(Jll ....U]AI_ llYDl_t()(lJ]l,l*

T, = vr" L °K (r = l([), ((q)
4000 - era3/ f em6/] 4000 - cm;/ ! ..)6/
15,000, m.ol mo12i!]5,000, mo] , too];)bar bar

t0_X) Ui86 22_i !t{X_) 1_,:19 q.,,',7
2(__ 15,90 177 l_)(){) 12 13 91,":,
3000 15o, 152 I I(_,_ 111i2 8590
4(X]O 14,37 I:_L_I 12(J.u I 1,7J) 7!&4,'_
50_) 13,83 12:klJ 131}(_1_ t 1,7,0 72J_)
6(_)0 13,41 l I 't 4 I 'Jq___ 1l,:{ _ 67,03
7000 t302 t06_; 13_,)_f I l, 1, 61,3!
8000 12,67 It)0,6

Translator's note. Commas in numbers repre-
sent decimal points.

TABLE 2.9. FOR ATOMIC HYDROGEN*

Translator's notes. Commas in numbers repre-
sent decimal points•

The calculation of the third virial coefficient for atomic sys-

tems involves great difficulty, and is still an unresolved problem.

This is explained by the absense of suitable statistical mechanics
9'

apparatus. Even for such a very simple system as hydrogen (single-

_ electron atom), only very rough estimates have been made of the third

virial coefficient. These estimates show that the contribution of

the third vir_al coefficient to compressibility can be neglected

in quite a wide interval of temperatures and pressures•

: Tables 2.10 - 2.13' present the sound speed, apparent :r,o]ecu]ar'

weight, adiabatic exponent, and internal encri::yof hydroL'_:n For tem-

peratures i000 - 15,000 ° K and pressures I000 - 15,000 bar**.

*The calculatiuns wh(,s_, results arc showt_ In %'__b]us 2._",- L'•I_ w, t',,
r_

• . ,J. . (_(,ryklt_., mad_ by P M Kesselman and l ' "**
i bar = 0.gb arm.

r

I]
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§ 2.5. Influence of Forcin$ Pressure on Gas Flow

Velocity in Barrel

We examined above the numerical solution of several problems of

firing from launchers having d_fferent chamber and barrel forms,

and also the solution of the auxiliary problem of gas compression by

a piston or shock wave. The results obtained make it possible to

calculate the light-gas launchers under the assumption that the light

gas is first compressed to the maximal values Pmax and Tmax, an(l

then the piston remains stationary and the projectile begins to move

(usually practical calculations are made in this way).

However, it is also of considerable interest to make a complete

analysis of the launcher with account for the fact that the projectile

begins to move at a forcing pressure p_, where:

and the piston continues to travel durin_ the firin_ process.

• The complete light-[:as launcher analysis usin_ tlm, exact ,:as- /i:,,

dynamic equations requires considerable (:o'_I)ut<,rt]m,:_, :_n(t is u:;u-

ally made only for :1 few ]nltial condlt_on v G1_n_ ....

The most :]mport,':lIlt quosti(_)r], wllJch ITiU'_l. bc {'l'._r]]']_,,] ]_] lt,,,, ,,,,m-

[.)lt'l_,l:) ][ILIIIC, hC'][' a/l;_tlysis, _[; th_t_ C'I' til< l'c)]'Cjn/ I']"SL'U]'_ lI]!'liJ'IJ," .
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P_PokLo+X/ '

where L 0 -- is the initial length of the space behind the piston,

t?__-_ X _ piston travel; KI _ driver gas adiabatic exponent; PO

":i:,,' initial gas pressure.

... When a powder charge burns in region I, we use the equations of

...... classical interior ballistics.

The pressure of the light gas between the piston 2 and the pro-

Jectile 1 (region II) is defined by the relation:

: / L \,,
.. P= Pot,c=--:,z)

" for P_I'¢ (stationary projectile), and by the relation:

P ---'-Po
:- L-- X 'F z

for p > tq (moving projectile).

Here, L is the initial length of the space bcnlnd the project]],.;,
- (I

o is the piston barrel area, x is the projectile tr'_vcl, s is tb,_

barrel area, K is the light-gas adiabatic exponent.
7

°.
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'l;he p]._ton equat:Ion of mol,_on can l)o Wir,]l;t_n ]1] 1,h_.: l'olrllJ:

%

dv
•. m _ = S(I' - p),

p dt

_ and tlle p.r._oJect[io equation of r_ot:|on _n the .f_m.

" dv

. m -dT"--- _p'

: It is obvious that the computational techniquo based on :_o]v:lIU"_i,h_,_o

equations takes into account the forcing pressure _nfluunce.

_ In certain cases, refinements are introduced into these very /86

: simple equations. For example, the space between the piston and

projectile is broken down into two spaces: the space ahead of the

. piston _ from the piston to the barrel entrance (section A), and the

space behind the projectile _ from sectlon A to th_ projectile. Ir

this case, gas flow from the space ahead of the piston into the space

_ behind the projectile is taken into account. Usually, it is assumed

"" here that the gas flow at section A is described by the equations of
. o;

steady gas flow•

• Sometimes, an attempt is made to consider the pressure gradient

.. along regions I or II, and so on.

.,_! However, in all cases, this simplified approach '_o solving the
<i_i,{.,'

._ problem of motion within the launcher is justified only when the

_ piston velocity does not exceed 500 - 600 m/sec, and the projectlle

_ .... velocity is 2000 - 2500 m/see (when hydrogen or helium is used as

-_ the light gas), since in this case piston (projectile) motion takes

,_ place with a velocity quite close to the sound speed, and wave ef-
!__ fects are not yet too large.

:': When analyzing mode]n light-gas launchers, th_s :_.pproxlm_t_:_
_, , ..

i : method is not applicable It leads to errors excel,cling 20 - 30%

_ in the launch velocity, and _.rror_ up to i00% in the magnll ude of
.:. the maximal pressure. Therefore, we must use the exact ff,a:;dyn:.m_:i_'.

__== calculation• The exact calcu_'.atior, tcci_n]_tu,.';_ ,:l,_ r,,_,t dII'l%r I'r(m_ 1./_,.

u ,

....... -_ --_
........ _:? .? . . .:.......... . ....
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technique for solvinf_ the Lagrange problem wlth backpressure; how-

i ever, we must consider that the projectile begins to move when the /87

pressure on it exceeds p_. As the projectile moves, a rarefaction

i: wave develops and interacts with the shock waves coming from the

piston (if the piston is light).
i

_ The interaction process is also complicated because of the bore

cross section change at the entrance to the barrel.

The two-_tage launcher analysis with account for forcing pressure

and _,_ston motion is quite complicated.

2_.gare 2.32 shows the Ppr'

pressure Ppr on the proJec- t.atm_ _m/sec[L-[I- _ 2IZi2
_ tile velocity for forcing 2z__l

pr_sures i000 atm and 6000 20__Iatm (without account for /8 _

losses) as functions of _ _00
;o 12 60OO

; projectile travel, l 5000
!

_ 4000

; We see that for a low i__ i____!____-_-_-'--_-_ 3000

_O00

forcing pressure, the projec- _ /ooo
tile pressure curve is

"fuller", the maximal pres- 4 _ a to_ zG_x2_ M
b_

sure is lower, but the area
Figure 2.32. Influence of forcing

bounded by the curve is pressure on ballistic launcher

greater (curves i). Thus, parameters:

the final projectile velo- 1 _ pc = i000 atm; 2 _ pc =6000 atm
city is higher.

The absolute projectile velocity variation does not exceed 12%,

while the maximal pressure varies by 2.5 times. These calculated

values fully confirm the experimental data_ in accordance with which

the forcing pressure influence on the velocity is about 5 - 6%.

_igure 2.33 shows the launch velocity versus forcing pressure

for one LGL. We see from this figure that the optimal value of pc

i_ close to 300 atm.

92 _-
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Thus, for a very high maximal fore- V, m/see
80_n

!. chamber pressure (Pmax _ 10,000 - 20,000
!., mnn _*_'_*'=_ -
:i_ arm), proper forcing pressure selection

can reduce the pressure acting on the _no

_ projectile to values which are not _0

• hazardous for projectile strength (to

. t_ ; I.., I __ I
values not exceeding Pmax pr _ 4000 - m0 _ ma 8o_

!. 6000 atm). At the same time, the motion _.atm
Figure 2.33. Influ-

of the piston (particularly the hydro- ence of forcing

dynamic piston) permits maintaining the pressure on launch
velocity

pressure on the projectile base close to

Pmax pr, i.e., a full firing "indicator

diagram"; it is obvious that in this case we obtain a high average

pressure Pay pr on the projectile, which in turn determines the

barrel length.

In fact, introducing the average acceleration:

gay = s Pay pr ,m

and using the uniformly accelerated motion formulas, we can obtain: /8__88

mV 2
- • (2.25)

Lba 2SPav pr

It is sometimes more convenient to rewrite this formula as:

mV 2

Pav pr - 2SLba (2.26)

A second very characteristic quantity, which makes possible an

exact calculation is the ratio of projectile base pressure to piston

base pressure. The dependence of this quantity on time is shown in

Figure 2.34*. We see that the ratio Ppr/Pp varies from 0.i to 5.

The calculation was made by the grid and characteristic methods.

93
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We see from the flguro Ppr .q,_Datm

that the a;_reement between the Pp 5 -Grid method
" two calculation methods is ,-._Method of ......It-[-I

1

, _characteristics-/M-L- !
generally good. (In the fig- _ I.J_._ _ [_.[_

ure, we see clearly three _ .....L._ __--i_! iJ___.__1

. shock wave reflections -- the

first is strong, the second 2 --:

thirdconsiderablyquite weak),weaker, and the , _--_-- ........................ , U_ I
The gas flow in the o --_ *g_ _L-,

. transition region frnm the Figure 2.34. Ratio of projectile
chamber to the barrel is also base pressure to piston base pres-

very important for understand-- sure

ing the gasdynamic relation-

ships in the firing process. The reason is that "choking" of the gas

flow takes place in this region, and the light gas cannot flow from

the chamber into the barrel. In practice, this leads to a situation

in which, under certain conditions, increase of the charge in the

system increases the maximal light gas pressure in the chamber signi- /89

ficantly, but does not change the launch velocity. Moreover, this

leads to reduction of the model forcing pressure influence on its

velocity.

In the gasdynamic calculation, the gas velocity in the transi-

tion region is obtained automatically. In the approximate calcula-

tions, the transition section velocity is sometimes introduced into

the calculation, and in this case the calculated launch velocity de-

pends markedly on how this velocity is specified. Under the steady

flow process assumption, the gas flowrate is known to be:

Gst = SUcr stPcr st = sp"a_t'_-i, '

while, under the unsteady flow process assumption, the flowrate may

be represented in the form:

_" 94
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• 'i I

i-..

s �= '

i._i Gun SUcr.unPer.un = s_"a"\_T]/ '

_...... -. hence,

_i'_i__[.. _t,-,----3, ( 2 2 7 )
i-_ _"--_ •

Data on Gst/Gun as a function of K are presented in Table 2.14 .....

I
]i Thus, the gas flowrate through the TABLE 2.14'

%tIIil_-i: .... barrel entrance section is actually limited, , 1,22 1.4 i,67

I! and depends markedly on the process scheme I F._Il_I adopted• In the ballistic launchers, the u_n ,.+re}t,72

_._ flow process does not fit into either of the
".• classical (steady or unsteady) schemes; how- Translator's

ever, it is evident that the process is closer note. Commas in/ numbers represent
to the classical unsteady scheme, decimal points.

r

•: These data explain why some approximate techniques (based on

spccify_ng the critical steady-state flowrate at the barrel throat)

lead to a situation in which the launch velocity is too high, and

:_,- the pressure in the gas chamber is too low by nearly a factor of two.

i_. In order to refine such calculation methods, it is necessary to /90

introduce an experimental adJustmep_ factor (f±ow coefficient),

whose value will be about 0.5 - 0.7.

Data on the gas flowrate through the barrel entrance section,

obtained by exact gasdynamic calculation with account for p_ston

motion, are shown in Figare 2.35. Also shown is the flowrate ob-

- tained under the unsteady flow assumption. We see that the true

curve is close to the unsteady model. Results of two calculations

l (curves i and 2) are presented, which differ only in the initial
__ conditions.

o

......._._+_. , . ............ _ ....... ' ...................... :"" " ,
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2.6. Light-Gas Launcher Optimal lT-i i I

F, +

•[ In the preceding sections, we ex-

amined various light-gas launcher con- '.._,_.___,_.,__,__,__"---' "-'- +-_"-+
]___L_L_L_L_L_]" figurations, described their calcula-

o.oo_ 4oo.,t_,se c
,'i- tion methods, and obtained an approxi-

mate formula for the velocity im- Figure 2.35. Gas flowrateat ba_'rel entrance section

parted to the projectile: as a function of time

_ V=F,_- CV_rCLf( li,x, 2---20). (2.28)

Here, _ve shall present some launcher design methods (selecting

optimal launcher parameters and its dimensions).

When creating a new light-gas launcher, we must usually solve

two types of problems: first, the gasdynamic proLlems (charge selec-

tion, optimal powder weight selection, light-gas pressure selection,

and so on) and, second, the purely structural problems (associated

with failure or faulty operation of the components of the launcher

itself). It is obvious that the solutions of these problems should

be separated from one another, and the solution of the first problem

should be made on a launcher or the smallest possible dimensions,

i.e., n a scale-model launcher.J.

By scale-model, we usually mean a launcher which is geometri-

cally similar to the full-size launcher, but of considerably smaller

dimensions. However, all the characteristic pressures and tempera-

tures (Po, 7%,p_,, T._, p_, _, a,,, etc.) are the same in the scale-model

and full-slze launchers, and the same gases (helium, hydrogen) are

used. (Generally speaking, we can also use a broader meaning of

modeling: for example, without using the condition that Tma x and

Pmax are the same.)
k

_ It is well known that the equations of motion are easily reduced

i. ' to dimensionless form, and in these equations there appear only the

96
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exponent K, which is the same on th_ _cale-model ;_nd fu]_l-s]ze

units by al_su.mpt_on.

The boundary condition in general form is written as:

_v ._£p,,___i(Pz - Pr )'

where L _ characteristic dimension. In this case, there appears /91

the dimensionless parameter:

nt t

which can be treated in two ways:

a) the quantity SLy., is proportional to the gas mass m I and,

consequently, similarity requires that the quantities m_/,_=_ be the

same in the scale-model and full-scale launchers;

b) the quantity m/SL is proportional to the projectile density,

i.e., the ratios of the gas and projectile densities in the scale-

model and full-scale launchers must be the same.

These two requirements are evidently equivalent and, conse-

quently, for similarity, it is sufficient that the pistons (projec-

tiles) be geometrically similar and made from the same material.

These conditions are sufficient for similarity of the scale-model

and full-size launchers, if the gas is considered ideal.

The situation changes somewhat if we consider gas viscosity

and thermal conductivity.

With account for viscosity, similarity requires equality of the

Reynolds numbers in the fulL-scale and scale-model launchers:

-L
Re=-_ •

i
I

'._7 1

r&- ............ ....... IIII iill -
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t I f !

i ,'c._ -_'- city are theSince the gas viscosity and chat,_ .tcri.tic ve]c

same in the scale-model and full-scale _Junchers, the Reynold_ numbe_,

is always larger in the full-scale launcher than in the scale-model

• launcher.

Increase of the Reynolds number leads to reduction of the fric-

i tion coefficient and increase of the heat transfer coefficient in the .I
!

' first approximation, in direct proportion to the square root of the

Reynolds number. Consequently, the friction and heat transfer coef-

,. ficients in the full-scale launcher will be, respectively, smaller

and large_ than in the scale-model launcher by:..,

• Lmod times.

_ " However, in accounting for the relative influence of' frictiol, and

heat transfer, we must consider that the friction force and thermal

& losses are proportional to the surface area, i.e., L 2, while the

inertial forces and the total amount of heat are proportional to the

_ volume, i.e., L3, and therefore the influence of friction and heat

transfer in the scale-model launcher will be greater by:

- L
act

times,L
mod

than in the full-scale launcher.

If we consider the dependence of the friction and heat transfer /9___22

coefficients on the dimensions, we find that, roughly speaking, in

_ . the scale-model launcher the influence of friction and heat transfer

is greater than in the full-scale launcher by at least:

"[" _ Lact times.7 Lmod

. Therefore, if a certain velocity is achieved _n the scale-model

launcher, then from the gasdynamic viewpoint, this same veloc_t.y

can be achieved in thL, full-scale launcher, _nd this i_ cor_flrmed

- exper_mentally.

.... " I _i !I,_" Ill I II I II Ill I
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" This very :tmportant conclusion makes ;It post_:l.blo to lim].t our-
! _,.-;:[._":'11 dynamicselves tolauncherstudy ofconfigurations,scale-model launchers when selectinf, opt:l.ma] _VLS-

-_ ! All the above discussion relates to the case when the powder

charge has burned completely prior to piston movement initiation.

'_i[_l If the powder charge continues to burn, it is necessary to re-" quire that the physical and chemical characteristics of the powder

Iii._ in the full-scale and scale-model experiments be the same, and that

the web thickness of the powder used in the scale-model experiment

be Lact/Lmo d times less than in the full-scale experiment.

"_ Failure to satisfy these conditions leads to a situation in

which the curves of piston base pressure in the scale-model and full-

scale launchers will be somewhat different, although generally speak-

ing this is not too important, since in practice the primary import-

8 .. ance lies not in p itself, but rather in the quantity Ipdz, i.e., the

' piston base pressure work.

-
_ It is obviously quite simple to select conditions under which

_o- these areas will be related as the cube of the linear dimensions.

_- After these general remarks, we can turn to selecting the

_ _ :- optimal launcher parameters.
1: ,

o It is well known from classical ballistics that two problems

arise in designing any artillery system:

_ i. The direct problem, when from the given system geometric

_j dimensions and the charging conditions we must determine the firing

,_j parameters (velocities, pressures, and so on).

"t......r,

2. The inverse problem, when from the given firing parameters

(projectile velocity and weight, maximal gas chamber pressure, ,_t,')

we must select the launcher geometric parameters (configuration)

• and the charging conditions.

/" ........... _"- _ .... " --" , ,,_, I al I I II I | l
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" The solution of the d tlc,t problem is carried out either by
i'

numerics], methods or wlth the aid of (2.28), u_Ing the t_chnlque
.

discussed in § 9 of the present chapter. Let us now examine the

solution of the inverse problem. The launch velocity from the ba].-

;g,_ listic launcher, obtained as a result of the numerical solution, can /9_3

- be approximated by (l.1):

V-- _a._ , (2 29)

l-

_-'_!":i)''" where ,:-.!....\(w__w_-Jc+ ba'-t , W c --chamber ,olume prior to Inltlatlon of

model movement, Wba -- barrel volume, ¢ -- overall correction coeffi-

_:=,_" clent, a --maximal sound speed.
z,,,_, max

_"'_ The coefficient b 1 is obtained from the exact gasdynamic calcu-

lations and for an expansion ratio exceeding 3 - 5 is practically

constant, equal to 0.25 - 0.27.

_.. Writing tne sound speed at the end of compression in the form:

.. "- a ( Pm._,_(,-.I)/_,, K,N_'_: a,_ ok ,% ]

"" (Ka Is a coefficient accounting for the increase of ama x, resulting

°_ ,, from the entropy increase during shock compression; see Figure 2.30),
;t_.,:. �•
_ .. and the light-gas mass in the form.
E4: _j_

_., .. m.z= IV_o--- WoR--_oo

_,.' where the subscripts 0 refer to values of the quantities prior to

}=_: ' compression, we can write (2.29) as:

_" V:-=K....,,,(.-x,'z,¢ 2,,1 /- ,v.

' i: • "t"o,_,,,. . (,_- t) _/,' "_-r_,W+ thp. "
! :

_ ,. Under the assumption that b I and _ remain constant, differ'er_-.°

:.- tlating V with respect to PO' and equating the derlvatlw_ to :.cro,v

we can o0tain:

_ mR it0
';'-. (P0) opt 1.,- I1b_r,,'

"" i00

. ---d

00000002-TSA10



D:_i!i' '," / I '

o.

........ Recalling that

p0Wn ....ml

_i_ _ %- _ II,

we can conclude that there is an optimal ratio ml/,1 - _opt' which

_-..........,_, depends only o_.iK and the approximation coefficient bI (Table 2.15):

.,......- i
Hopt :_"(_--I)bz" (2.30)

_,'_ In practice, we can take H somewhat smaller TABLE 2.15'

_:_.. than Hopt, since the dependence of the velocity

•_.._, _o p t::.c on _ is quite weak.

_ _ We emphasize that (2.30) is valid only for 1,67 5,7 /94

r_ _ _ ' the case when the volume increase during firing ,
Translator 's

. exceeds 3 - 4 (bI ffi COASt), or when we can note Commase--

neglect _!. If it is necessary to take the vari-
in numbers re-

present deci-

ation of bI into account precisely, all the argu- mal points

ments become more complex, and it is more con-

.. venient to seek the optimal value of H by varying numerically the

calculation initial conditions.

The existence of an optimal value of ]I yields a firm basis for

_.. rational design of the optimal system. If the projectile mass is

given, the system caliber is essentially known (see Table 2.16),

:_ since the projectile weight coefficient is usually specified:

_--3.

i. TABLE 2.16'

_.J:_ Body weight, 0,2-0,4_-._0 4-.t; '2111)--_00ll)O_l--2(_tlg
.. grams

, !

.- Translator's note. Ccmmas in numbers represent decimal
points.

d

.._.... ]_fl I.
\\ .-
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The barrel length ix expressed in eallberz: Lba = Ad. The

barrel volume is easily found from the formula:

Wba = _d_.

where A -- barrel length in calibers.
C --

i •
L

i: It was shown above that the gas expansion ratio N in the barrel
i

has a large influence on the projectile velocity. Usually, N has a

value of 3 - i0. Specifying the value of N, we can immediately

determine the minimal volume at the end of compression:

Wb a
Wmin = --N '

Wba

where N = Wmin expansion ratio in the barrel.

The light-gas mass is found from the formula:

--. If," Pros=
n;i == |Vu=Om_'_ .... "'" _Tm-- "

Using the existence of an optimal value of n, we can write: /95
4

m I _ _,

or, expressing m through the coefficient Cq, I

rn--C,d3.

i Substituting, in place of ml, its value, we obtain:_p.,_ WbaPmax.
TIC,d_= W_ _-- NRTmax

Usually, during design, maxima], pressure is selected from struc-

I tural consideration; therefore, we can write:
r

. _d2LstPmax _p_.
= = _7ttC,Jl " (2.31 )Tmax 4RC d3HN

q

102
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Th_s formula makes it possible to con_tr,uct a d]recti.,e diagram

which gives a complete p_cture of' the mu]t:ista[_e launcher capab:]llt]r;s,

Formula (2.31) can be written in the form:

_== ='4,vl{c',lL" (2.32 )
f

I In this formula, H and R* are known. The quantity Pmax character-

izes launcher strength, and is also usually known in advance. Con-

_. sequently, (2.32) connects Tma x with the light-gas launcher con-

structive parameters N, k, C .
iL q

!_ The quantity Tma x can be easily transformed into projectile
L

!" velocity. In fact, !
, V= _I (rr, ,_,N). a=,,,, i

where E and _ are given, a=,--V_-_, and therefore (2.32) takes the

form :

F (2.33)
"T_ - _(_'' N, c,).

Thus, the launch velocity referred to Pmax is a function of

three constructive parameters: barrel length, expansion ratio, and

projectile weight coefficient. The existence of the functional rela-

. tion (2.33) makes it possible to analyze multistage launcher
any

with the aid of the directive diagrams.
i,.

The launcher directive diagram relates four quantities: Pmax' /9___6

Tma x, V, Cq -- for given values of the gas constant, dimensionless

barrel length, and correction coefficient ¢ = Cr eL' The diagram

is constructed for several calues of the expansion ratio N, in the

following sequence:

i. Using (2 32), we calculate a table of T_,,. p_,,--._(C,)for the

given k, N, R, H.

*The gas constant for helium is 212 m/deg, for hydrogen -- 424 m/'dcg.

] 0

n '_ ..... ' .... i I i i Ill II
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IT. [i [[ 2. In the coordinates Pmax" Cq, we con_truct the ]'ield of' i,h_,

Tma x points same are jo:Ined by _._.a].i_flt

......... lines.

L; '"

3. The 1.aunch velocity:

V _. / (If, _, x = 20). _v ' Yr" SL'

The quantity ama x is known, since the temperature is known:

f([l, x, $=20)is taken from the exact solution for the cylindrical tube.

The coefficient _z(N) accounts for the relative expansion correction

(from Figure 2.20); ¢L and Cr account for the friction ard heat

transfer correction and the real gas property correction.

I'b_ We present, as an example, three diagrams (Figure 2.36). The

diagrams are constructed for helium (R = 212), with X = 350 and H = 5

'_-. for three values of N = i0, 5, and 2.5, which correspond to _he

_,_:. values of (Wmi n + Wba)/Wmi n equal to ll, 6, and 3.5, respectively.

=_,.'_:_ In the diagrams, the abscissa axis is Cq, i.e., the projectile weight

':_': referred to the caliber cubed (g/cm3), and the ordinate axis is the

:: maximal pressure at the end of compression. The straight lines on

: the diagrams are lines of constant velocities V and temperatures

Tma x. Consequently, each straight line on the diagram, correspo_d-

_ ing to a constant temperature, is at the same time a constant velo-T

, city line.

We see from the diagrams that, with reduction of N for the same

Cq and Pmax' the launch velocity and maximal gas temperature increase

:"' simultaneously. For example, for N = i0 and C = 3, a launch velo-
q

.-- city of 7500 m/sec can be obtained only for Pmax = 18,000 atm and

= = = 7200 ° K; for- Tma x 6500 ° K; for N = 5, Pmax ii,000 atm and Tma x

N = 2.5, Pmax = 7500 atm a_d Tma x = 10,300 ° K.

°,
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.... .. Pmax? m/see , -- LtPLmax;..mzl
t. a_;m (r.,.,,'K] .[ellum , V, m/nee (rma,.'K)9tlnt) ( I[Ijf)O) g _*2,12

Z5 .---./---/--, _on(__oo) n. s zs-.--_-- /I_ ggon(/3ouo) N. _r
&'" I rl f__

_. _'l. "" - 20 -_/tZ 6800(5200) =--_- //I BOf)O(/OJOf)) ,._9$_Z/d/_ 15
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: ._ I 2 3 4 C_1 I 2 3 4 Cq
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,-_':,_i;" t _ ._. V, m/sec(rm,,:K) N=Z,5

- .l' ": /5 9/0o (/JOOO) p = 0,95

.-.,_? m 7soo(_o_oo)p =o,s

:._ 5 52oo (52oo) f = _,_
o _oo (z6oo)

_."' I k. 3 4 "_
C

Figure 2.36. Launcher directive diagrams.

._ _,: The dependence of Pmax and Tma x on N for a given velocity is !

_ shown in Figure 2.37. We see that, by varying N, which is propor-

:. tlonal to the degree of volume increase during firing, we can, while

" retaining a given velocity, alter the maximal temperature and pres-

sure in the launcher chamber in quite wide limits. This is quite

-. natural, since the quantity N is connected with launcher efficiency.

: o_' In this way, we find the relationship between N, T-max , and Pmax

for the optimal light-gas launcher. Knowing the maximal allowable

pressure (strength parameter), we can relate the constructive para- /97

:.. meter _ with the maximal gas temperature (or velocity). We emphasize

that the relations obtained are valid for any multistage LGL, since

no limitations were imposed on the light-gas compression process.

_- Now we can examine the laws governing the compression procoss,

:- i.e., we can seek the charging parameters P0 and TO, and the inltal

•- system volume W 0. Obviously,

i05
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Pmax, ._ %_"--" _ _-- ----t
t. atm] -i-9/m/sec _(-:

/;!!£I 8000 .........

,o,
70_

• 7,_ 50OO-r-- < .....

j 4000--- _ t;_TJ]

l@ _000 i _00_

_.,_ _ tO _ .%0 /_0 tv
" a b

Figure 2.37. Dependence of Pmax and Tma x

: on gas expansion ratio N in the barrel for
given launch velocity

- mt _- _,t 0 PO __
,r "" _n _ T m_x t: LL" P max

hence,

W 0 -- pm_TO

For the compression process taking place with entropy change,

from which we can easily obtain the expression for the geometric /98

compression ratio:

wo (_.t., (2 34)
W.._..=k_ t'"'-_).

Assuming that the chamber temperature must not exceed 8000 ° K,

we conclude from this same figure that N must not be less than 3.0.

We finally take N = 3, Tma x = 8000° K, Pmax = 6200 atm, V = 7000

m/sec.

Now we can analyze the compression process. Assume that a light

L piston, whose maximal velocity can reach 2000 m/sec, is used in the
launcher, and the entropy function growth in the shock waves

b

2.0 - 2.5 (see § 2.2). Preheating of the gas in the
Cmax/¢0

launcher is not provided; therefore TO = 290° K; consequently,

Tmax/T 0 = 27.5.

i r
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TABLE 2.17. RESULTS OF CALCULATION OF ENTROPY
FUNCTION INFLUENCE ON INITIAL SYSTEM VOLUME*

i @m..z,@_ I '-.. 3,u 4h.a_"1' I 1,5 _,f) 3JI
.t

WollI' _,IQ I ' ' I" 7_, :,I 2_" II'. fIBs 4s 21i 17 II.|

, _mil/P{I /Ill)l} j I i Jl) "l Ill :Jill) I1 i, liTlJ 8fill :lifo :|21)
t

Translator's note. Commas in numbers repre-
sent decimal points.

Table 2.17 presents the values of W0/Wmi n, Pmax/P0 , W0/Wba , W 0

for the caliber 50 mm (Wba = 34 liters) for Cmax/¢0 = i, 1.5, 2.0,

and 3.0, for the case when the launch velocity is 7000 m/sec. The /9__9

calculation was made using (2.34) and (2.35).

I

The launcher parameter selection made above is naturally not

the only possible choice. For example, we could increase the pres-

sure to i0,000 arm. In this case, N will be about seven (Figure i

2.37a). Then the maximal gas temperature decreases to 6000 ° K. It

is obvious that the dimensions of this launcher will be smaller;

however, a stronger forechamber is required*. Using (2.34), we can

find the initial chamber volume, since Wmi n = Wba/N.

For a system with heavy piston, Cmax/¢0 = i. For light piston

systems or systems with entropy increase owing to throttling, the

values of Cmax/¢ are taken in accordance with the data presented

previously.

The quantity P0 is easily found from (1.7), which can be
written as:

p,._ ¢0( woy (2 35)

In llght-gas launcher design oractice, the compression chamber
segment adjacent to the barrel in which the highest pressure is
reached is termed the forechamber.

i07
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,2. -.

These formulas can be used to analyze the influence of _max/_0

_ and TO on the chamber geometric dimension W0 and the compression

ratio Pmax/P0 of the optimal system.

We shall now present a specific example of system optimal para-

" meter selection for a launcher, for example, with a light piston. -
o •

We specify the quantities:

_ launch caliber d = 50 nml, C = 2.5 g/cm3;q

barrel length in calibers X = 350; I
I

_ parameter _ = 5; 1

the light gas is helium (R = 212 kgm/kg deg); I
velocity 7000 m/sec.

_. ii. Using the directive diagram, we plot Pmax and Tma x versus N for

, V = 5000, 6000, 7000 m/sec (see Figure 2.37). i

, : Assuming that the maximal chamber pressure cannot exceed Pmax _
"_ ..

7000 atm, we see from Figure 2.37 that a launch velocity of 7000

: m/sec is obtained for N > 4.
i

_i We see from Table 2.20 that the initial optimal light-gas

o launcher chamber volume, as a function of entropy increase in the

_ " shock wave, lies in the range from 1670 to 184 liters. If the light

.ii piston is accelerated by powder g_ses, then in practice ¢max/¢0

" 1.4 - 1.5, and the chamber volume is best taken to be about 1000

• liters. In launchers in which the light gas is accelerated by OHHM, /i00

- Cmax/¢O _ 2.5 - 3.0, and in these launchers the initial volume may
_..

be taken considerably smaller.
.°.

" It is interesting that increase of the initial gas temperature

••' is equivalent to increase of the entropy growth [which follows

" directly from (2..34)]. Consequently, while maintaining t}_ barrel

- 108
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dimensions arid projectile weight and velocltu constant, _n order

to optimize the system it is necessary to reduce the gas chamber
o

dimensions (reduce WO, since in this case the required compression

• ratio decreases) as the gas entropy (or the initial preheat)

increases.

.-_ We discussed above the technique for solving the inverse problem

selecting the optimal launcher dimensions for given projectile

.. weight and velocity. If the light-gas launcher were intended for

launching a projectile of the same weight and with the same velocity,

_ • the problem would be completely solved. However, in practice, the

__ _ situation is different: as a rule, it is necessary to launch from

_°" the same system projectiles of different masses with different velo-
o_

cities.
..

e

_ Therefore, we shall examine the direct problem: given 'the

..... launcher, i.e., WO, Wba, d, we wish to find the connection between

_ the launch velocity and the charging parameters.

i• This problem can be formulated in two ways:

a) For given charging parameters, determine the velocity of a

• projectile of given weight. In this case, we simply carry out the

_- system calculation. In the exact formulation, this problem is solved

_• by the gasdynamic calculation presented in the first part of the book,

or in the approximate formulation with the aid of the engineering

method, which will be presented in § 2.9.

b) We wish to select the charging parameters so that, for given

_ launcher geometric dimensions and projectile weight, the launch velo-

.... city will be maximal (the projectile weight and velocity are differ-

ent from the design value for which the system parameters were

selected).

L Let us examine briefly this second formulation of the problem,

for which we again use (2.29).

109 1
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[, We determined previously the extremum of the functior_ V under

the assumption that n is constant, since we examined launchers with

constant adiabatic efficiency. This approach was Justified, since

[ the launcher geometric dimensions were not specified, and _he.y could

_.i. example, elongate barrel, so Now, in the
be varied (for the and on).

_._ solution of the direct problem, we cannot change the system geo-

_, metric dimensions, and this must be considered in determining the

i extremum.

The quantity:

w.,,%a- , %'

_i:' is a function of PO and Pmax' the energy increase, and the ratio /!0]

7 Wba/Wo, i.e., the launcher geometric parameters.

_ • Differentiating with account for the dependence of Wmi n on PO'

i_ and equating the derivative to zero, leads to an expression of the

Li. form:

_w a
" ¢ Lao, p=.,, Po,x, = O,
; Wo ' ¢0 J

and PO will appear in this expression to a fractional power,

It is not possible to obtain the solution of this equation forr
f'

in explicit form, and therefore (PO)opt must be found numericallyPO

or graphically. Here, it is very important that the optimal value

_ (Po)opt and, consequently, Hop t will depend on all the quantities

appearing in the expression for ¢. At a single point (for given n),

PO and, consequently, Hop t are found to be the same wl]en determined

by the two techniques.

Usually, it is not rational to carry out this calculation,

since the question of light-gas launcher operating economy (charge

. weight economy) is not posed in practice.

i

ilO
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Thu_, for given projectile velocity and weight, we carl select

the optimal multistage llght-gas launcher parameters, using the

method described above.

However, when changing the projectile velocity and weight, it
is necessary to change the launcher dimensions, in order to obtain

the optimal conditions, and this is obviously undesirable.

When it is necessary to use a given light-gas launcher in an

off-design regime, we can take other approaches; for example,

! i; reduce the barrel length (reduce N);

2. reduce the charge weight _ (reduce Pmax);

3. simultaneously reduce P0 and m (alter the ratio ml/m);

4. change the light gas composition (add air), etc.

In this case, we need only make a ballistic calculation of the

system, using the approximate method, in order to determine launch

velocity.

In the general case, the selected regime which provides the

specified projectile velocity will not be the extremal regime; how-

ever, this is not particularly important, since the launcher para-

meters will obviously be lower than the optimal values.

In concluding this section, we shall make some general remarks

on selection of the quantities N, Pmax' Tmax' barrel length, chamber

shape, etc.

a) Expansion ratio. It is best to select N = Wba/Wmi n in the

range 2 - 6, and with reduction of the "taper" the expansion ratio

should be increased. For cylindrical chambers (which are not used in

practice) N _ l0 - 14.

b) Maximal _ressure. We must always remember the connection /102

which exists between the maximal pressure and Cq of the projectlle.

111
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The lighter the projectile, the lower the required Pmax for the _ame

- velocity and the same chamber geometric dimensions
b.
Y

Selection of a rational value of Pmax is very important in de-

signing ballistic ranges. In modern barrel-type artillery, the maxl-

_ mal pressures are 4000 - 6000 atm. In the light-gas systems, this

_ value can undoubtedly be increased, since in the light-gas launchers

i_i the time of high pressure action on the chamber material is an order

of magnitude shorter than in artillery systems of the same caliber.

Moreover, the length of the segment on which the high pressure is

i developed usually does not exceed 0.i - 0.05 of the gas chamber

length, which permits the use of special multilayer forechambers.

However, a pressure of 8000 - I0,000 atm, achieved in practice

:_" in many launchers, is by no means the limit. There are data in the

literature on obtaining pressures of 20 - 30 thousand atmospheres

in light-gas launchers [3, 19]. In this case, multilayer chambers

(up to five layers), in which there are no internal threaded connec-

" tions, are used. All attachments are made using flanges clamped

_ . together by external bolts.

_j c) Maximal temperature. We showed previously that Tmax, along

I with Pmax' is the parameter which determines the launch velocity.

Unfortunately, it is not possible to obtain very high light-gas tem-

peratures in the LGL because of the high heat transfer at the high%

gas pressures and velocities which are realized in the launchers.

"" In practice, the limiting temperature in the ballistic ranges

_- without electrical discharge can be considered to be 7000 - 8000 ° K.

When using an electrical discharge, the gas temperature can reach

approximately i0,000 _ K for a very short time period. However, we

note that high gas temperature reduces barrel service life markedly•

d) Piston weight. The next essential LGL constructlw_ para-

meter is the piston weight. We mentioned above that selection o['

" i] 2
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_: the proJeetlle weight, and alno the value of T ......max' e,_,cntJally sp_cj-

f'les the llght-gas energy, and since thls energy in the flr,st approxl-

marion is equal to the piston kinetic energy, the pl=ton ener_y is

thereby specified.

Using (1.12), we can determine the piston weight in the first

,_ approximation. Here, we must bear in mind that, when using powder

gases to accelerate the piston, its maximal velocity is about 2000m/see; when using OHHM, or if there are two light pistons in the /i0____33

'._ launcher, the maximal velocity is about 3000 m/sec. If the designer

( has selected a launcher with plastic piston, the question of selecting

'. its weight becomes somewhat more complex because of the fact that the

./ piston must have the kinetic energy required not only for compression

- of the light gas, but also for deformation of the polyethylene.

Therefore, the hydropiston is usually made quite heavy, and its con-

structive parameters are worked out experimentally.
-i

_;_.i_. e) Chamber shape. The gasdynamic calculation in the one-dimen-
_ sional formulation is formally applicable only if the transition

_ from the gas chamber to the barrel is sufficiently smooth. Unfor-
i

• tunately, such smooth transition is not provided in all launchers;

,_ • therefore, it is very important to know the influence of the fore-

chamber transition shape on the launch velocity.

- This can only be found experimentally.

," As a result of the experiments conducted, it has been found that

g_ _ change of the transition angle from 0 to 90 ° leads to about 5% change

of the velocity (Figure 2.38) This result is logical, since in the

.._ steep transition case a stagnant zone ("liquid cone") develops in the

_. chamber and smooths out the irregularity. Experiments studying the

influence of transition shape are important in two regards: first,

they confirm the reco_endatlon to the designers on the need for

making the transition from the forechamber to the barrel sufficlcntly
[

smooth; second, they confirm the pozs]bility of uclng the one-dimcn-

slonal model for the gasdynamlc calculation. At the same time, the I

J
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• i- o

L

.°

,_h,,_c, gives a ba::Ig forcompa_atJ_vely weak Inf]uenee of tran:_itlon . .... _

_. the designer to _elect this _hape on the ba_iz of eon_truetlW_ _nd

• technological considerations. However, if system fabrieatlon condi-

tions permit, we should make the transition from the gas chamber to

the barrel comparatively smooth, with average taper angle < 30° .
= ,.

_]J_" f) Barrel length. This_question is very essential. We have

_ shown that it is not the barrel length, but rather the quantity

W_ /W - = N, i.e., the ratio of the volume at the end of expansionDa mln

_ to the initial volume, which is of primary importance. We see from

Figure 2.20 that in all cases use of N > lO

is ineffective.

In practice, if we take into account

° ... barrel friction and the influence of joints,

i . this quantity will be still smaller. In _[--2J_--4_-_0--9_a-I-

order to clarify this question, we fabricated

" an experimental launcher, in which the expan- Figure 2.38. In-
fluence of gas cham-

sion ratio was varied from 1 to i0 by elongat- ber taper on launch

ing the barrel or changing the chamber volume, velocity /104

The experimental results are shown

in Figure 2.39. v

We see that it is advisable __t/,___ __ _

to take an expansion ratio not _e-_

exceeding 6 - 7, since with fur- 4_

ther increase of the expansion _ 5 7 9 , mWc_Wba
• ratio, the friction will have a W

C

larger effect that the projectile
• Figure 2.39. Influence of ex-

base pressure, pansion ratio on launch velo-
city with account for friction:

- However, it does not follow _-- Lba = 60 - 325 cal_bers

from these data that the barrel (d = 7.5 mm); -- Lba = 220

length can be arbitrarily long. calibers (d = 16 _n)

The reason is that industry has

i

114

00000002-TSBI0



available equipment adapted for drilling bores who_e length dc.)o;] not

exceed 80 - 120 calibers. Therefore, _n practice, the light-gas

• launcher barrels must be made from several piece_ ;Joined with one

_ another. The presence of Joints between the barrels, no matter how
' :,'_ perfectly they are fitted, causes projectile impact on the joints,

-_i _'. and sometimes leads to projectile destruction within the barrel•
_,_ 7

:jl Studies made, in which the ratio Wba/Wmi n was held constant but
!}...

- _;._

, - the barrel length was varied, snowed that it is not advisable to use
C.a ,.,

-_:_! barrels whose length exceeds 200 - 300 calibers•

,'%,,,,

_!_, In view of the fact that the optimal barrel length depends

'_!__ markedly on such individual launcher qualities as inner surface

:: ) smoothness, curvature, conditions of the Joints, and so on, the opti-

.....•/ mal length must be determined experimentally.

i_i g) Contamination of the light gas. The presence of impurities

in the light gas has a marked influence on the molecular weight, and

•" consequently on the sound speed.

- Table 2.18 shows the sound speed in helium as a function of the /105

. - volumetric percentage content of an impurity (with molecular weight

o _ = 28), and also the molecular weight

........ of the mixture TABLE 2 18 SOUND SPEED

._i<_' IN HELIUM AS FUNCTION OF
_"..... _ VOLUMETRIC PERCENTAGE

IMPURZTYCONTENT"-! We see from the table that the "_ 0 _ -T. -_......._ ....._,

.  o,nO  oe Oocroa os..ven oroo  arli, Tlll ____
-7!'i_- _ tively small impurity content. (),_J4]

L l.[ .... L'- ]

We shall say a few words about the *_._ Translator's note.

,_. reasons for the appearance of impurities. Commas in numbers repre-
o,. sent decimal points.

_ I. Light-gas quality.

O

Depending on bottle filling level, the helium content lles in
o

the range 99•97 - 99.91%, i.e•, the gas is quite pure.

i]5
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2. Filling the syntem.

When filling the system, some amount of air. always remains In

the system. The air content by volume is

t, -- 2____._(_o/o'Po

where PO0 is the chamber pressure prior to filling, PO is the pres-

sure after filling. When using evacuation, P00 is about 0.05 - 0.01

atm, Pc _ 5 - i0 atm. Consequently, with proper filling:

o,o5- o,o_ . 100%_ 1 .- 0.1_,81= _o'--

The coefficient of launch velocity reduction, owing to light-gas

contamination, may vary over quite wide limits, depending on launcher

construction.

i For well constructed launchers, this coefficient may be taken
equal to 0.95 - 0.98. Usually, this coefficient is taken into ac-
count in the calculation by corresponding reduction of the coeffi-

cient eL"

§ 2.7. Remarks on Charge Selection

In contrast with the conventional artillery systems, where the

powder charge is of decisive importance, in the llght-gas launchers,

the powder charge plays a secondary role. The powder charge must

provide ii the compressed light gas those values of Pmax and Tmax

which were determined in the ballistic calculation of the gas part

of the launcher.

Normally no particular limitations are imposed on powder charge

and charge cost is small in comparison with the overall firing cost.

This makes charge design still easier.

However, familiarity with the basic charge design techniques

:Is necessary when designing the light-gas launcher [2].
[

I I16
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A powder charge conslst]ng of the following three basic par'ts /i06

is normally used in l_ght-gas launchers:

q i) an igniter cap of percussion or electrical type; normally,

primer sleeves PS or EPS* are used, and are threaded into the breec]....

block or a sabot, which seals the launcher chamber;

2) igniter m a small amount of black powder located around the

primer cap, either compactly or, if the charge is elongated, in the

form of a tube along the entire charge (primer weight is 1 - 3% of

the charge weight);

3) the charge proper, consisting of pyroxylin or nitroglycerin

powder.

If the charge is not required to have particularly high charac-

teristics, the use of pyroxylin powders is preferable, since they

are less toxic .....................................

Table 2.19 shows the characteristics of the conventional artil-

lery and firearm powders used in launchers [2].

In addition to the powder characteristics listed in the table,

there is still another characteristic which depends on the charge

shape. This is the total pressure impulse Ic, which is determined

by the initial burning grain web thickness and by the burning rate

coefficient u I in the burning rate law:
de

where e --web half thickness.

PS --standard primer sleeves; EPS _ electrical primer sleeves.
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TABLE 2. ]..9 _

I

Powder Specific Combus I-Dens:Ity Burnlng rate Pow(]c,r force

i energy, tlon kg/ ui, f, kg" dm/kg

.... kcal/kg temp, llter dm3/sec.kg
_: 0 K

i:_'• Pyroxylene 900--8f_ 28(_0.-2r,,(_ 1,62-- _ ,,r,{; O,fi--O,9,_O- 770_')0..950_)0 '

_:. Nitroglycerine 1100-- 1200 3000-- 35(_. J,62 _ J ,,r,{) O,;.-.1,5.I0 ",,]900 O(K)--_1 2(X)OOg

2 Smoking 1

E._,_,- Translator's note. Commas in numbers represent decimal points.

L_3_ By de finit ion,

.... t c

==_D_ (2.36)
,. Ic= Ipdt-----Pav_,t .,

e

J
",.. .

: where eI --inital web half thickness

"' We see from (2.36) that the powder charge burnup time depends /107

- on three quantities: u I --burning rate at atmospheric pressure;

-- e I -- initial web thickness; Pay m average pressure during the

burning process*. From (2.36), it follows:

I
• C

At = t =_.
:--. com Pav
.

,- It is obvious that, from the viewpoint of best powder energy utili-
Cm

zation, At should be less than the time of gas compression by the

piston, and the powder gases which form should have three- - five-

7 fold expansion (by volume).

" Finally, the charging conditions are characterized by the charg-

ing density:

_ *We assume that the burning rate dependence on pressure is linear j
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(1.17)

where m -- charge weight in kg, W -- powder chamber volume in ImP•
¢,_, C

In designing the LGL with both heavy and light piston, the de-

! : sign of the powder part of the launcher can be made using the well-

......." developed techniques of interior ballistics•

_V;k, "

_,-],j<]

_ Usually, when designing a launcher, it is necessary to determine

_ the charging density A and the powder grade (i.e., el). The piston

_.,_. velocity Vp and its weight are determined so that the piston kinetic
_i['!i!/
='_= energy will be adequate for light-gas compression, to ensure obtain-

- ing the specified values of Pmax' Tmax • The maximal powder gas pres-

sure is usually also specified in advance from strength considera-

+ tions. Use of ballistic tables is advisable for the preliminary cal-

culations. Normally, the tables are calcul_ted for various values of

. the charging density A.

_ The table entry numbers are the maximal powder stage pressure Pmax

and the relative piston travel (relative expansion of the volume be-

hind the piston) k=_ , where _ is the piston travel, 10 I__ is the

._:ii_ " reduced charge chamber length, S is the piston barrel bore section

_i area. The tables present the piston velocity Vta b for the relative

_ distance traveled X and given Pmax' calculated under the conditionthat I/-_-_,_P_ __ _I , where Gp is the piston weight, _I+_33_-........ P I
ii/ _ i

_,_-_ In spite of the fact that the tables are compiled without ac- /108 i

:<..... ' count for backpressure and, generally, _. tO0 kglcm 2, LGL operating i

experience shows that the tabular calculation yields satisfactory
-- agreement with the experimental results, and can be used for light-

[L.=,..... .. gas launcher preliminary design.
...

: : When developing a ballistic range, the first experiment is usu-

,_._ • " ally made with charge size equal to half the design size (by weight).

119
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1

Then, the charge size is gradually Increased, wlth account for the

i pressures which are obtained in the powder and gas chambers. There-
L
i fore, pressure measurement during charge development in the ballistic

system is absolutely necessary.

! _ In launchers having comparatively small dimensions and high

I, pressures,
[, we sometimes limit ourselves to estimation, using the

formula:

Pm==i_--_-_ (where f --powder force, _ _ 1 covolume)

which yields the maximal possible powder chamber pressure for instan-

taneous charge burnup, and the maximal gas chamber pressure is esti-

mated from the permanent deformation of the forechamber or the initial

segment of the ballistic barrel.

In designing and developing the light-gas launcher charge, we

must always remember that the powder charge must have adequate

strength to withstand the piston pressure. When filling the gas

chamber with the light gas, the pressure P0 acts on the piston, and

the compressive force F = p0 S, where S is the piston area, acts on

the charge. If crushing of the charge takes place under the action

of this force, the charge density increases, which may lead to fail-

ure of the breech part of the launcher or wedging of the breechblock.

The following piston locating techniques are normally used:

i. A strong cylindrical metal sleeve in which a large number of

holes of diameter 5 - i0 mm are made, so that the powder gases act

on the sleeve from all sides (this prevents bulging and wedging of

r:" the sleeve). The powder charge is located inside the sleeve.

2. A cruciform metal, plastic, or wooden retainer -- in this

case the powder charge, is located in four viscose bags, and is

packed along the retainer slots.

120
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3. A strong cardboard sleeve (for small-cal_ber launchers with

I' low initial pressure).

in certain cases, in order to facilitate retainer operation,

longitudinal or spiral grooves of small section are made on the pis-

i _ ton surface, and the light gas passes through these grooves into the

charge chamber and equalizes the load acting on the retainer. It is /109

obvious that in this case the chamber filling must take place quite

slowly (the gas pressure in the charge chamber and in the gas chamber

is monitored by pressure gauges during filling). This method is

used only for large light-gas launchers.

§ 2.8. Sabots_ Projectiles, and Diaphragms

In developing methods for increasing projectile velocity, the

researcher encounters three limitations:

1. The "limiting" projectile velocity, associated with the

launch gas internal energy and the limiting temperature which the

materials used will allow.

2. The launcher forechamber material strength, which limits the

maximal pressure Pmax in the launcher chamber.

3. The projectile strength, which limits the maximal pressure

in the launcher barrel.

Let us examine the third limitation in more detail.

When launching a solid body (projectile) from a barrel system,

the projectile velocity is connected with the gas pressure acting on

the projectile base by the obvious relation:

Lba

mv--_==sl p(L)dL= SPavLba , (2,,38)• 2
t)

... where m and V are the projectile mass and velocity, s and Lba are

_ i
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-- the barrel cross section area and length, p(L) is the pressure acting

, on the projectile.

Let us see how we can characterize the function p(L). First,

" there is a limiting pressure Pmax pr' which is determined from pro-

= Jectile strength considerations. The maximal acceleration acting
.H

on the projectile:

i

i° SPmax prI •

b gmaxi m

i •
L_ ..." Let us examine a projectile (Figure 2.40) 2 0

_ consisting of the element i and the driving sabot

• 2. It is obvious that the inertial force acting

j from the element (mass me ) on the sabot:

¢ •

•- mePma x pr s
..... fl = megmax -

• m Figure 2.40.
Sabot and

and the specific pressure: projectile
i

a_--_--F'--m es
-.:, _ ms--_Pmax pr'

where sI _ contact surface area• Since the quantity o is limited /ll0

by the sabot material strength, the quantity Pmax pr is also natur-

ally limited, and is equal to:

• cslm

Pmax pr m s "- e
...

Second, there is an average pressure Pay' which was introduced

by (2.38). It is obvious that this pressure is uniquely associated

' with theproJectile and barrel parameters by the relation:

_: - my2 " (2.39)
__ Pav 2SLba

i
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If we define the pressure efficiency q I by the relation:

_.'_ %.=_a_
P_pr

and replace in (2.39) Pav through nI and Pmax pr' we obtain the

equality:

oslm mV_

nlPmax pr "-%-_-),:=2,----_

hence,

V_= 2'_°z'b--e" ( 2.4 0 )
_I me •

We take a cylindrical element of diameter d and length I. Then,

s I i

• me =SllP e, m e Pe _ '

. where Pe -- element density.

• Formula (2.40) for this particular case takes the form:
o

V2__ 2oLb
_i ipe

Consequently, the launch velocity will be higher, the larger the co-

efficient q l, the stronger the sabot o, the longer the barrel Lba,

• and the sorter the element length Z, and t1_e lower its density.

The magnitude of the coefficient nI is determined by the gas- d

dynamic characteristic of the firing process.

" I. ql will be larger, the smaller the ratio V/a, i.e., the

less the wave effect influence (a -- sound speed in the launch gas).

:: This is achieved by using low-molecular gases and increasing the gas

temperature.

2. nI can be increased by utillzing the hydroeffect, heat /]]i d

_. addition, and so on (Figure 2.41), which is accomplished by se]ect- II
ing the launcher configuration.
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L
The next parameter which the designer

L can vary is the barrel length. We see _.

from (2.40) that for given projectile

_ dimensions it is advantageous to use Pay

' longer barrels. However, we must take

into consideration that in the actual

0 L
:.. launcher there is considerable friction

_ of the gas and the sabot itself with the Figure 2.41. Variation

barrel; therefore, in practice, it is of pressure on projec-
• tile along the barrel

not advisable to take a barrel length

exceeding 150 - 200 calibers. Thus,

elongation of the barrel must take place along with increase of the

caliber, and this means that it is easier to launch a given proJec-
Iv....

tile from launchers of larger caliber.

I Now, let us turn to the maximal pressure which the projectile
i

! can withstand.
i"

Figure 2.42 shows various 8 mm-diameter sabots made from duralu-

minum, titanium, textolite, and polyethylene, and intended for

' launching a 5 mm-diameter sphere with specific weight 17 (weight

0.46 grams). The first line of the table in Figure 2.42 shows the

projectile coefficient Cq, the second line is the projectile weight,

the third line is the sabot weight, and the fourth llne is the

maximal pressure which the projectile can withstand without failure.

We see that the projectiles have high strength, but, at the same time,

the limiting pressure which the projectile can withstand is consider-

ably lower than the pressure which the barrel can withstand (up to /112

8000 kg/cm 2 for two-layer construction). Using the similarity cri-

teria, on the basis of these data we can design sabots for other

barrel diameters. Here, we must always keep in mind that reduction

of the absolute dimensions of the projectile (sphere, for example)

reduces the loads experienced by the sabot.

In practice, it is not sufficient to ensure integrity of the

projectile in the barrel. Usually, it is also necessary to
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Figure 2.42 _. Different projectile forms,

Tex _ textolite; Pol _ polyethylene

Translator's note. Commas in numbers repre-
_'" sent decimal points.

separate the sabot from the element when the projectilc leaves the

barrel. As a rule, this is achieved either by fabricating a split

sabot, i.e., a sabot assembled from two or three component parts,

- or by breaking the sabot up as it collides with a special thin bar-

" rier (cardboard, or plywood, for example) whose influence on the ele-

.... ment is slight. Special splitters of different form are also used.

.... Usually, provision for sabot separation is particularly diffi-

- cult when working with a small-caliber launcher used to study the

impact process, since in this case the distance at which sabot sepa-

" ration takes place is usually restricted. Development of the sabot

• separation procedure requires conducting a large number of experi-

- ments and, unfortunately, with change of the projectile shape and

weight, the development work must be repeated.

" The sabot separation question is resolved more simply when con-

•_,. ducting aerodynamic studies, since the aerodynamic characteristics

of the model and of the sabot fragments are usually different, and

the latter fall behind the model.

r
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In concluding this section, we sha]] make some remarks on the

_ methods used to force the projectile in the barrel bore.

Usually, three forcing techniques are used: by deforma-

tion of a sabot extruded through the conical entrance segment of the

barrel, by special diaphragms, and by shearable collars on the pro-

jectile.
F
[

_ Use of a conical sabot is the simplest technique; however, it

makes it possible to obtain only comparatively low fo_cing pressures,

i and leads to the necessity for a quite heavy sabot, since its!
! strength must be maintained even after contraction.

f-..

Use of diaphragms permits considerable reduction of the projec-

• tile weight, and at the same time permits increasing the forcing
°.

pressure to i000 - 1500 atm, or even higher.

i_ Figure 2.43 shows a diaphragm before and after rupture.

Figure 2.44 shows a drawing of the diaphragm assembly.

A

;k°.

: Figure 2.43. Diaphragm before
...... and after rupture

.. Usually, the diaphragms are Figure 2.44. Schematic of dla-
_- developed experimentally using phragm assembly:

special powder bombs, and not 1 _ rlng; 2 _ fo_l; 3 _ dla-

only is the burst pressure deter- phragm; 4 _ seal 5 _ poly-hedron; 6 _ projectile
mined but, most of all, integrity

l
i

i _ y
l
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of the diaphragm lobes after' opening is en_ured. In order to ensure /]].3

' opening of the diaphragm into the required number of' ]obo_, the dia-

l. phragm is first scribed into 3 - 6 lobes (the scribing depth extends

j to half the thickness). Holes are sometimes drilled at the ends of

the scribe lines, in order to relieve the stresses. The diaphragm

_ dimensions are selected with account for the fact that, after complete

_& opening, the aperture must be no less than the barrel cross section.

'Tt:-" Behind the diaphragm there is located a polyhedron (with number of

sides equal to the number of diaphragm lobes), on which the lobes

rest after opening. The diaphragm material is soft steel, copper, /114

-_ or brass. Sealing of the membrane assembly is ensured by proper

y_!_._• tensioning of the joint.
_

When holes are drilled at the ends of the diaphragm scribe

lines (Figure 2.44), a special foil diaphragm is installed, in addi-

: tion to the primary diaphragm, to provide sealing.

§ 2.9. Approximate Light-Gas Launcher Analysis Method

.... The calculat, on of launchers of all types is made by integrating

._ the gasdynamlc equations on electronic computers, using standard

programs.

==_ However, all the available techniques for such calculations

ij require considerable computer time, which makes them tedious and not

always convenient. Therefore, we need a short, approximate technique

for calculating launcher muzzle velocities which does not require

_mm .... the use :f computers.

...._ In the following, we describe a short, approximate calculation

techn_,]ue. This technique is based on results obtained by numerlc:,l

solution of the gasdynamic equations.

- The technique for approximate calculation of the launcher' muzzle

_' velocity is based on the assumption that the firing process can be

broken down into two stages:
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l[_," i. the process of obta]n:[ng the l:lf_htgas with par,araete_,s

am**,p_, T..,.
[

: 2. the firing process.

All the remaining factors -- piston motion, real gas properties,

and so on --are accounted for by coefficients. This approach makes

it possible to calculate any gasdynamic system (with heavy, light,

. and hydrodynamic pistons, diaphragm-type, electro-pulsed, and so on).

_ _ . The techniques for calculating both stages and determining the

I {. auxiliary coefficients are based on numerical solution of the gas-

dynamic equations.

- The primary launcher parameter is the projectile muzzle velocity:

)V -- V, -b a= . %. . %. %. ! , s, 3F_ --20": ' (2.41)

_.T" where V I is the transport velocity (m/sec), ama x is the maximal sound

"_ ...... speed in the light gas (m/sec), CV is the expansion ratio coefficient

7 (Figure 2.20), eL is the coefficient of friction and heat transfer

losses, Cr is a coefficient accounting for the real gas properties, /115T

("_k4 w .._20)is the solution of the problem of launching a projec-" /\., , x, IV.,. .

: tile of mass m from a cylindrical tube (Figure 2.21) with expansion

ratio equal to 20, Wmi n is the chamber volume at the end of compres-
._

:. sion, W is the chamber volume at the end of compression plus the

•' barrel volume, W = Wmi n + Wba, K is the adiabatic exponent, m I is
_,

= the launch gas mass.

The following quantitles are usually given in launcher, deslgn:

.. I) light-gas type (exponent. K and a0);

2) maximal light gas pressure Pmax;

,. 3) projectile weight q;
6

4) barrel volume and dlrnens_on_ Wba, Lba, s;
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•_ 5) gas chamber volume and dimensions W O, L O, S;

_,-_. 6) maximal powder-gas pressure Pmaz;
!4 .'"

_ 7) powder chamber volume and dimensions W , L ;C

8) piston weight Gp;

9) powder charge weight m;

lO) initial light-gas pressure PO;

ii) powder-gas adiabatic exponent Kp.

I. Launch veloclt Z calculation scheme

Icase of instantaneous charg_ burnup!

i. Knowing the piston weight Gp and the powder charge weight m,

_,_ using Figure 2.7, we can determine the dimensionless piston velocity

i V for the given W0/Wp, K, _/Gp._ p

i
_ "' 2 Knowing the dimensionless velocity, we can determine the

true maximal piston velocity without account for backpressure:

Vp _p = Cfap = FKpRpTp= " ap , ap ,

where Rp, Tp -- are the powder-gas constant and powder burning tem-

perature, # is the loss coefficient (¢ % 0.97 - 0.95 for the piston*).

If we consider backpressure, the true maximal velocity will be

5- 20% lower (Figure 2.45).

From the known maximal piston velocity, using Figure 2.30, we

determine the entropy increase during the compression process

(correction to the sound speed).

Calculation using the ballistic tables yields a more accurate re-
suit, and is to be preferred when the charge does not burn up
instantaneously .

.... ]29
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3. Knowing Pmax' P0' and the entropy Increase cor,r._ct_on Ka,

we determine the sound _peed In the compressed light ga_:

4. Then, we calculate the llght-gas mass*: /116

I

(where Y0 is the gas specific weight at p = i atm), and using this

mass and the projectile mass m with the aid of graphs similar to

those shown in Figure 2.27, we find the theoretical launch velocity

without correction for "taper", friction, and heat transfer (here,

we take W/Wmi n = 20);

Now, we must determine the magnitude of the correction coefficients.

5. Determination of correction for expansion ratio. The gas

i volume at the end of compression is easily found from (2.35):

where Cav is the average gas entropy (we use the average entropy,

since the difference between the values of the entropy function at

the wall and at the piston cannot reach 50%).

That part of the gas in which the entropy increase is maximal

is the primary part participating in the launch; therefore, we use

the value Cmax when calculating the sound speed in the launch gas.

However, when it is necessary to examine all the gas as a whole_ the

entropy function should be averaged:

 av. )¢'o _\ _',, + I .(),55. (2 42)

Usually, the ratio ml/m = _ is given, and therefore the quantity m1

is known. In Shis case, PO _s found from (2.44).
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From the known Wmi n and the barrel volume Wba, we find the

_" expansion ratio:

W mlln "_ |l/mgm

and with the aid of Figure 2.20, we find the correction CV" We em-

phasize that the primary importance in calculating this coefficient

lies not in the barrel length itself, but rather in the ratio of the

vo]ume at the end of expansion to the initial volume. We see from

Figure 2.20 that, in all cases, it is advisable to take this ratio

no larger than i0; however, in practice, if we consider friction ip /117

the barrel and the influence of barrel Joints, this quantity will be

still smaller (no more than 5 - 6).

6. Correction for real gas properties. The influence of the

real gas properties is of considerable interest.

We assume a launcher with given gas chamber volume and maximal

allowable pressure Pmax" Assume this chamber is filled with hydro-

gen. The energy of the given hydrogen charge:

2

Ehy = mhyahy
Khy(Khy - i) '

If we fill the chamber under the same initial pressure with

helium, the gas energy will be:

2
mheane

Ehe =
Khe(Khe - l) "

Consequently,

Kh___Khe -I

2 (_h_ - i) 2 Khy ( - i) (Pmax) Khy Kh_Ehy = ahyKhy = ahy0 KhY

2 2 ( - i) P0
Ehe 2 . ahe_he(Khe - i) 2 • ahe0Khe Khe

i 131
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Figure 2.45. Correction Figure 2.46. Ratio of charge
for backpressure energy required for compression of

hydrogen and helium versus com-

" Figure 2.46 shows the ratio pression ratio (i n helium; 2hydrogen)

.. Ehy/Ehe versus the compression

ratio. Curve 1 corresponds to the assumption that the gases are

ideal. Curve 2 is calculated with account for hydrogen dissociation,

and corresponds to the initial gas temperature T O = 300 ° K. The re-! _.
o,.,

•L_oo. sulting Ehy/Ehe relation is very interesting. In the region of com- J

presslon ratios of the order of 80 - 150, the helium charge energy i

° i" is greater than the energy of the equivalent hydrogen charge. In

other words, when converting from helium to hydrogen, the powder

• charge must be reduced in order to obtain the same final parameters.

o !

oO_i( This conclusion is confirmed by direct experiment. The powder

charge when operating with helium is actually larger than when work-

oo:_ ing •with hydrogen. Conversely, at high compression ratios, the

_,_: equivalent hydrogen charge requires considerably larger powder charge
d

for its compression, because of energy expenditure on dissociation.

_/..,i If gas preheating is usgd in the launcher, all these effects

_ _ become considerably stronger, _nce marked hydrogen dissociation

.... " begins at temperatures exceeding 4000 ° K.

" The hydrogen dissociation process can be utilized quite success-

fully in the light-gas launcher. For maximal light-gas temperature

at the end of compression, exceeding 5000 - 6000 ° K, the internal !
!

" energy of hydrogen is 40 - 60% higher because of dissociation than

.... for an ideal gas, even at a pressure of i0,000 atm. This means that

a more powerful charge is needed to compress the real gas to the
i.

" 132
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same Pmax and Tmax. But then, when firing takes place, the f_as be- /].]8

gins to expand, Its temperature decrease_, and recombination of the

molecules starts, _n the process of which the energy previously ex-

pended on ionization begins to be released in the barrel. Calcula-

• tions show that the energy released during recombination is quite

significant, as a result of which the projectile velocity will in-

crease markedly. For example, at the maximal temperature 7000 ° K,

heca,_se of dissociation (in comparison with the calculations made for

an ideal gas), the powder charge energy may be nearly doubled, and

the velocity increase because of recombination in the barrel reaches

15 - 20% in the case when the expansion ratio is equal to 4. This

means that the coefficient @r reaches Cr = 1.15 = 1.2.

In practice, we take Cr _ 1.05 - i.i for hydrogen, and Cr -- 1

!_-i_ for helium.

_}_!{,. The coefficient Cr is introduced into consideratlon when it is

assumed that the gas is ideal (K and a are taken for the ideal gas).

_ If the characteristics of the real gas (for example, hydrogen)
_, .

are known, the quantity K can be taken from Table 2.15, averaging it

in the operating range, and the sound speed is taken from Table 2.13,

T also averaging it. In this case the coefficient ¢r is not introduced.

7. The loss (friction, heat transfer) correction coefficient for:

• small-caliber launchers (6 - 16 mm): eL - 0.8;

" large-caliber launchers (23 - 85 mm): @L = 0.9.

..... 8. Correction for piston motion. Analysis of the exact gas-

dynamic calculations shows that the forward movement of the piston

ims some influence on the initial segment of the projectile motion,

increasing the projectile velocity by 0.6 - 0.7 of the piston velo-

_jB6 city. Conversely, pit.ton rebound leads to some decrease of the
" velocity. Therefore, for the piston of conventional construction,

133
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._ we can take, in the first approximation'

V_--_O,SVp max"

In the hydropiston case, i.e., when the piston forward wall /119
!'.

_" motion is specifically used to increase the projectile velocity V I

i000 - 1200 m/sec, and depends on the piston characteristics.

:' 9. Account for heat addition in the launcher barrel is usually

made with the aid of exact numerical calculation on a computer. The

influence of heat addition (removal) in the process of projectile

motion can be evaluated approximately with the aid of Figure 2.31,

which shows the results of several exact calculations.

t

II. Calculation of maximal li_h_-_a_

chamber _ressure

). The light gas energy prior to compression initiation is:

E0= .

The piston energy upon reaching maximal velocity (without ac-

count for backpressure):

"_ mpVp2 max
Ep = .:" 2

The light gas energy when all the piston energy is transferred

to the gas (compression energy when the project le fs-restralned):

Consequently, we can write: V 2 max

o-T

Since:

L
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,, ...... _V,o_ _,,_; _¢°_ '

we obtain the formula for the maximum light-gas pressure and the end

of compression:

i |r_,m_ ./(.-H@o I/{.-_)____(,°.,_) (v-_ % •
- _ -- (2.43)

I

The quantity ¢0/¢av is found with the aid of (2.42) and Figure

2.30, if we consider that:

_--_-_--(K.)",

where K -- correction for increase of the sound speed.
a

If we take the launcher operating scheme in which the forcing

pressure is equal to p_ = Pmax' the calculation terminates at this

point, and (2.43) serves only for verification of charge and piston /12___0

weight selection correctness. (These quantities are determined when

selecting the basic launcher parameters.) In practice, the forcing

pressure is always less than the maximal pressure Pmax; therefore,

the true maximal pressure in the launcher is always less than the

value obtained from (2.43).

In the first approximation, the condition Pmax > PC has no

effect on projectile velocity (if the barrel length is greater than

I00 - 150 calibers). The primary influence of pc is on the maximal

pressure acting on the projectile in the barrel bore. With forcing

pressure of the order of 500 - i000 arm, it is possible to reduce

the pressure on the base of the projectile to (0.25 - 0.33)Pma x,

i.e., for Pmax _ 15,000 - 20,000 atm, the maximal pressure acting

on the projectile does not exceed 4000 - 6000 arm.

:[35
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U There are severa_ techniques For approximate ealcu]at:lon of

- the maximal pressure In the ease when pc < Pmax" Pheoc= techniques

"_ are based on account for leakage of part of the gas from the fore-

- chamber into the barrel. Unfortunately, all these techniques are

unreliable; therefore, it is best to limit ourselves in the calcula-

tion to determining Pmax' using the technique outlined above, which,,_ ..

a

... serves as the starting point for launcher development.

...._ In developing the launcher, the maximal pressure must be meas-
_4f_;_

_-_*< ured, and then we correct the charging conditions (_' PO' Gp, etc.),

so as to gradually approach the maximal light-gas pressure specified

:2_:{_, on the basis of strength.

: _ The initial pressure P0 can be found from the known light-gas

. weight

" Po--qP--_o_, (2.44)

where g- gravity force acceleration; a 0 --initial sound speed in

• the light gas.o

o

•. The sound speed in the light gas"

_ ao----,,h_g//T0,

_' " where
,

- R-- 848
Here, _ --molecular weight; TO -- initial gas temperature.

=_o_ For helium at T 0 = 290 ° K, a 0 = 1000 m/sec, and for hydrogen

• -. at T 0 = 290 ° K, a 0 = 1250 m/see.

_.-_,- i0. The light-gas energy is found from the formula:

" _ t?3|O2mlt

....... -. Ehe ,_0_-- _1"

- 136
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. :,,i ither by an /12____o. Thi_ energy must be imparted to the light 1_a,_e

electrical discharge (ignition of fuel) or by compre_ion by a piston

shock wave.

ll. The light-gas utilization efficiency:.

: mV_

.o

i_ We assumed above that the piston and powder charge weights are

known in advance.

However, this is not always so. Frequently the values of G and
P

must be assumed, and therefore the maximal pressure given by (2.43)

may be either lower than the assumed Pmax or, conversely, much higher.

Then, it is necessary to assume a new charge weight (and, if neces-

. _ sary, a new piston weight), and make a new calculation.

:. In practice, the charge and piston weight must be selected so

that the maximal pressure found from (2.43) exceeds the pressure

allowable on the basis of launcher strength by no more than 15 - 30%.

The further selection of the launcher parameters is accomplished

- experimentally.

: After selecting the final value of _, it is necessary to verify
• the maximal possible powder pressure (with instantaneous burn-up):

" M
Pm_ _ l_aa'

2

where F _ powder force, A _ charging density, _ _ co-volume(a - 1).

• It is obvious that P should not exceed significantly themax

pressure allowable on the basis of strength. (The values of Pmax

can be calculated more exactly using ballistic tables.)

In the case of compression by a shock way (dlaphragm-type

:. launchers), we can consider for preliminary estimates that the cor-

rection owing to entropy increase is 1.8 - 2.0 (for the powder-gas case).
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The charge weight may be taken as u_- (I()--2_)_L. It can be cal-

culated more exactly using ballistic tables.

This technique takes into account the basic launcher character-

istics: maximal light-gas pressure Pmax' projectile weight q, barrel

length, chamber geometric form--and makes it possible, in practice,

to obtain the launch velocity approximately for any launcher con-

figuration.

This approximate technique for calculating piston-type launchers,

which is based on the exact gas dynamic calculation, provides calcula-

tion with _ 5% accuracy, and has been verified for launch velocities

up to 7000 m/sec. Use of the technique does not require the appli-

cation of numerical integration, since all the required solutions /122

have already been obtained in dimensionless form and represented

graphically.

The fundamental advantage of the proposed calculation technique,

in comparison with the techniques based on the approximate formulas

of classical ballistics (in addition to the fact that numerical in-

tegration of the equations is not required), lies in the fact that

this technique takes into account the wave processes, both in the

powder chamber and in the barrel.

In addition to the scheme examined above for calculation of the

two-stage launcher, this technique can be used to calculate other

launcher configurations.

"_ 1. Calculation of single-stage launchers (using OHHM, electro-

pulsed) is made exactly, since this corresponds to the Lagrange

problem for a variable-section tube, which was solved in Chapter I.

2. Launchers with electrical preheat in the projectile move-

ment process m combined launchers m are calculated just as the

°_ piston launchers, but a correction depending on the energy supplied

is introduced into the launch velocity (see Figure 2.31).
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3. Launchers with preheating are calculated using the same

technique, since preheating is considered in the value of a0 (a0

is the initial sound speed in the light gas). This applies to all

launchers with preheating (multistage launchers).

Thus, all the existing launcher types can be calculated using

the proposed technique.

The information presented in the first two chapters gives a

quite complete picture of both the principles involved in selecting

the launcher configuration and the methods for ballistic calculation

of the launchers, although there is obviously no claim that this is

, a complete exposition of the entire store of knowledge which has been

accumulated in the high-velocity launching field.

The bibliography devoted to problems of high-velocity launching

is very extensive. We shall cite only certain studies which we be-

lieve to be of particular interest. Particular note should be taken

_" of [19], which is a survey paper and includes an extensive biblio-

. graphy.

In summarizing the first two chapters, we shall dwell briefly

,: on the prospects for developing launchers intended for conducting

scientific studies.

_ _ Stationary launchers which impart velocities of up to 8 km/sec

_i to large models (caliber 50 - 70 mm) are widely used at the present

time in the field of aeroballistics. It appears that in the near

i. future the muzzle velocity of these launchers will be increased only

slightly, since further increase of the model velocity (to i0 km/sec

or higher) leads to the necessity for replacing certain launcher /12____3

components after each firing.

-L

In the field of impact physics (where the caliber of the launch-

i ers used in the studies is usually smaller), w_th projectile w_,ight

•.,

• L
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of the order of one gram, we can expect extension of the launch

_ velocity range up to 15 km/sec in the near future.

Here, there will be further development of launchers having

individual components which can be replaced after each experiment

" (explosive light-gas compression, counterflow launch with the use3.

- of shaped charges, and so on). It appears that launch velocities up

.. to 30 - 40 km/sec will be reached with microparticles weighing

" 10 -4 - i0-I0 g by using electrodynamic methods, laser beams, high-

• velocity Jets obtained with the aid of discharges, etc.4

°*°
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i!_'?_![ CHAPTER III
_i_{¢.

o:! MEASUREMENT APPARATUS AND TECHNIQUES
':'J22._'

§ 3.1. Preliminary Remarks
i"

A body accelerated by a powder or light-gas launcher can be used /124

to conduct gasdynamic studies, and also to study collision processes.

No matter what type of experiment is conducted with fast-flying

: bodies, knowledge is always required of characteristics such as body

" velocity, shape, and orientation in space.

In order to determine these and several other characteristics,

" the ballistic range is equipped with various recording and measuring

apparatus, constructed using electronic components, pulse technology,
_=

high-voltage technology, optics, radiography, and so on.

• In the present chapter, we shall describe and systematize the

: basic forms of equipment used in ballistic range experiments.

_ The methods for recording the times at which the models pass

- given range sections are examined in § 3.2.

_ : Coincidence of the exposure times with model location in the

photographic field is accomplished using electronic synchr'oniz_r,_:.,°

systems of automatic and dlscretn tyDe._, and also radar synchr m]zin<

" systems; these are described in § _ _J, J.

%) •.
..... "" "'" -" :'._ ,.:" I I I I I
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- The various techniques :for'raeasuring flyinE mode] w_loc_ty and

" the equipment used for, this purpose are described in _ 3.4.

o Photography of the model position at several points of the

i trajectory, with simultaneous measurement of the time between expos-

ures, provides recording of the motion space-time relationships which

_ are necessary for determining the model trajectory parameters from

which the aerodynamic characteristics are calculated• The combined

operation of the series of camera stations and the technique for
i"

measuring the negatives are examined in § 3.5.

• - Section 3.6 describes the optical and electronic chronographs
i®

used in ballistic studies, and indicates the time measurement accur- /125

._ acy which they provide.

The principles used in constructing the systems for photograph-

o- ing and visualizing the flow around flying bodies are presented in

. §3.7.

: Photography of high-speed processes requires the use of special

equipment: short-duration light sources and hlgh-speed shutters The
,,.,' •

_ desc_'iption of pulsed light sources and fast-acting electrical shut-

, i" ters is presented in § 3.8 and § 3.9, respectively.

o- The basic method for studying the impact and destruction pro-

cesses during the collision of bodies with barriers is the pulsed

'- radiography technique, which is examined in § 3.10.

The capabilities and some examples of telemetry use under

. laboratory ballistic experiment conditions are presented in § 3.1]*.

The present study is the first attempt to correlate the scat-

tered literature mater_al. Because of the broad range off quc_tlorls

Section 3.11 was written together with B. F. Padtochly.

_[42
Y
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d_,- examined, the presentation i_ of necos;_t W _omewhat eompre;_z(;d, and

% therefore the associated, literature i_ cited at the erJd of the book

for more detailed acquaintance with the original InvestJ_atlon:._,

=:_ § 3.2. Passage Tlme Recording

Mechanical contact systems of the target-frame type have long

_,,_. served as sensors to record the til,e at which the model passes defi-

nite sections of the range. Photoelectric, magnetic, and radar

_ barriers appeared much later.

= The target-frames are the simplest and most reliable recording

-_ technique, which has led to wide use of this method. Target-frames

- have been used basically in working with powder guns; however, they

are also used in ranges with light-gas launchers.

The characteristic features of target-frame use when conducting

. experiments with light-gas launchers are discussed in [i]. In that

_ study, sphere drag coefficient measurements were made, i.e., experi-

ments requiring not only measurement of the velocity, but also re-o -:

cording of the velocity variation along the range, for which target-

frames mounted at six equally spaced sections were used.

_ Reference [i] describes two target-frame systems operating on

the circuit-breaking principle.

: The target frames are grids made from fine wire, stretched on

insulators or bonded to a substrate of nonconducting material (paper, /126
3.

film). Metal foil can be used in place of the wire.

The simplest target-frame wiring scheme is shown in Figure 3.1.
.,

When any target frame wire breaks, a signal recording the time

the model passes the particular range section appears at the output

7 leasing to the chronograph amplifier. This target-frame wiring

- scheme is suitable for operation with an electronic chror_L_'aph.
,> ,
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! r,.% _°_-^',-rv/'6 .*.Ohm /_

_. , I ',JVT I ,vVt .t .,,V1 i, ,V1 : .Vt _' ,V tl To chronol_r'uph

_ ',:2 1'. ,-,_, ' -i _._t ,_1 ,:-_

i 'T.......,..,....I L ....T__--I_ _.

Figure 3.1. Wiring scheme of' target-frames with
output to electronic chronograph

• --_,ik---_

-_--I,..,I---h,,r.__,::,v_l,oi
L .............. ._i..._

! "_"

^"_'--JIL-IF-x-.......t.a....... Zo
•i L ' _.......

....,_ ---I._
_ F--'7, ,"0-4,,i:-'_ o chronograph

i__1 _--._ I,I /_--__"__'v

..___; . ,., ..

< .... l '4_ ---i-'i-' between
" -1 Capacitance_-.--, ,--_ ._,,.'ID plates and screens 0.02

I_i_ _"_""_
='

_. • ..... --_-- _- _- _,_. ,..vOhm

Figure 3.2. Wiring scheme of target-.frames with
output to optical chronograph

Figure 3.2 shows the wiring diagram of target-frame_ operating

with chronographs utilizing the rotation of drum-type cameras. When

the wire stretched on the target-frame breaks, f__rst, a pulse arises

(as a consequence of discharge of the capacitance Letween one of the

capacitor plates and the grounded screen); second, the blanking{ volt-

aloe is removed and the thyratron fires. Slnce the time constant of

144
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the clrcult output to the chronograph amplifier is r.o]at!w:_ly long

(4.5 sec), thyratron f_rlng leads to the appearance of a }_ract]caJly

eunstant voltage, which shifts the traJector'y of the wr'Itlng beam on

the drum by a small step. This makes it possible to avoid repeated

beam passage along the same path, as a result of which errors in

determining the time interval duration are eliminated.

Target-frame designs operating on both circuit breaking and

circuit making are simple, and therefore there is no need for their

detailed description.

The convenience of target-frame application lies in the fact

that they are insensitive to both electrical and mechanical interfer-

ence, and large areas can be easily covered. In addition, they are

applicable for both luminous and nonluminous models.

A drawback of these recording systems is the uncertainty in the

time of circuit breaking (or making), which can be accomplished by

either the nose or tail of the model, and also the uncertainty be-

cause of possible stretching of the wire (or foil). If the model is

metallic, the circuit may close through the model, even ai'ter the

wire breaks. The target-frame cannot be located along the trajectory

with high absolute accuracy with respect to distance. After each

experiment, the broker_ wires must be replaced. Further, tb. model

surface may be damaged upon impact with the target-frame. Model re-

tardation caused by the target-frames affects aerodynamic coefficient

determination accuracy.

Noncontact sensors are primarily used at the present time to

record mode] passage time. Such sensors have no influence on model

motion and are no_ destroyed by model passage, which, in the case of

a large number of recording stations, facilltates and speeds up the

experiments considerably.

The construction principle of the li_ht-beam or, as they are /126 li

sometimes called, photoelectric recording systems is based on using !

the modulation of a light beam !nclder,t on an element which is 1

• 145
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,w ..............................................1 ..................1 .........................
6 sensitive to illumination. Many varlant_ of the ].lightb:]rr_or_]

_, operating with radiation lying in the visible (for example, [2 - 6])

[/_ and, lens fi:'equcntly, the infrared spectrum z.egions [7, 8] have been

i described in the literature Use of IR has the advantage that the
i j

_:.,_ recording sectlon can be located in the immediate vic]nity of the
L.'I" camera _tations without any fear of exposing the photof]ims.

_![ The recording systems used
_\_ (Figure 3.3) consist of a light

source (S) supplied by direct 8
• Kt

i_,,. current, collimators KI and K2,

_. and the photorecorder (¢). _K_
" Since the collimated light beam L,

_,._' depends on the light source

_' dimensions, it is advisable to

°i, use lamps (SG-2, for example) Lz

• with "point" filaments.
.,_, Figure 3.3. Photoelectric record-

ing system
The collimator K1 consists

O:

" of a spherical or cylindrical con-

. denser lens L1 and a system of slotted diaphragms DI, which form a

narrow light beam and reduce light scattering. In the collimator K 2

• with the aid of the narrower slots D2, a central zone whose dimen-

sions (height and width) determine the projectile passage recording

" region is cut from the narrow light beam. The light is focused on

_[ the photosensitive element by the second condenser lens L2.

Photodiodes, photoresistors, and photoelectron]c multiplierso

_--_- (PEM) can be used as the photosensitive element. When conducting

• experiments with short models, the PEM are most suitable and provide

_Igh output signal rate of rise. Of' the various PEM types, the most

- suitable for this purpose are FLM-1! and PEM-12, which haw_ low /]29

,- noise levels in the regime with constant pnctocathode illumlnatlon

and quite rigid dynode mounting, which determines the resistance to

detonation noise arising from the firings.
i"
°
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I,,_ S_nee proportional signal ampljil_atlon•(, :is not requlr'ed of the

I_ PF,N, we carl use hlgh-resistance divider's, which s_mpliflez the

_.,. problem of power supply for a large number of PEN.

_%[!. The optimal PEM supply voltage, which provides adequate gain
with low noise level, is about i kV.

Systems like that shown in Figure 3.4 are used when there is

need for a tall photoelectric barrier while maintaining a high light
f

beam modulation coefficient.

, Light source Condenser lenses

.. p

_'_" L --7"-_det ect or
• " sources _lotted

:_: , p _ surface-coated diaphragms
, mirrors

_o_ a b

Figure 3.4. Systems for constructing photoelec-
tric barriers of considerable height: a) system
with multiple beem reflection; b) system consist-
ing of a set of illuminators and photodetectors

In system a), th_ passing body blockscompletely or partially a

light beam which is reflected repeatedly from surface-coated

mirrors [9].

In system b) [3, 8], height increase is achieved by using sev-

eral illuminators and a corresponding number of photodetectors. From

the viewpoint of operating reliability, preference should be given

to type b), slnce system a) is sensitive to vibration.

_" Flight of bodies at hypersonic speeds is accompanied by intense

luminescence of the gas [7]; therefore, there is no need to use

!I "

- ] 47

_z,

00000002-TSE01



• T.........7.......7 7 r

illunlinators to record passage time, since the gas self-lumlnescence

L_ can be directed wlth the aid of similar collimators to the PEM

cathodes.
.o

The difference in the operation of the electronic circuits is

not significant, and is associated with the fact that a signal of

_, negative polarity appears on the PEM collector, and it is possible

to use large loading resistors in the PEM collector circuit.

A detailed description of such a system is presented in [7].

The light-sensitive detector, located on one side of the range, is

directed toward a dark field which is created with the aid of an

optical cavity located on the opposite side. The detector field of

view is limited to the optical cavity by a system of screens. The

i•i cavity is formed between two metallic sheets which are curved ex-

ponentially; the sheets butt together and are covered at the sides.

The inner surfaces of the sheets

are coated with matte paint _i__'_=_ _I

which does not reflect light.._ i. _

The cavity shape is such that

a beam which enters the cav-

ity cannot emerge. Upon en- Ph°tidht_j_S_ __^-I /_%
try of the luminous model

into the wedge-shaped field

of view of the detector, a /130

phototransistor in this case, Figure 3.5. Universal photorecord-
a recording signal is generated, ing system

The photoelectric systems which are capable of recording both

luminous and nonluminous objects are most convenient because of their

universality [lO, ll]. A typical universal system, consisting of a

photodetector and associated light source, is shown in Figure 3.5.

In front of the PEM, which is the light-sensitive element, there

is a lens which focuses the central part of the range onto the PEM

photocathode. The light "trap" (T) is a slotted collimator which

selects a narrow zone (with vertical dimension 8.4 cm and horizontal

O0000002-TSE02



2.4 cm) that cuts horlzontally acro_s the range. The polnt-type

i light source and two flat mirrors send a narrow light beam in the

i- direction of the zone scanned by the PEM, and the angle between the

light beam and the PEM scan region is made as small as possible.

When the model crosses the PEM scan region, both the reflected

i_ illumination and the self-illumination (if present) strike the PEM

i' photocathode, triggering the recorder.

J

The use of spectral systems for reducing the noise level is also
i •

I possible for recording model passage under conditions of strong lumi-

ii nosity, created either by the model itself or by the gases issuing

from the gun barrel (which can propagate to considerable distances

along the range). However, the spectral systems require expensive

equipment [7], and therefore are rarely used.

In addition to the photoelectric barriers, noncontact recording /i$i

can be accomplished with the aid of electromagnetic, electrostatic

[12], ionization [13], high-frequency, and radar detectors.

The electromagnetic method is based on the appearance at the

ends of a solenoid (a thin coil with magnetization created either by

direct current or by an annular magnetized core) of an emf as the

metallic model enters and leaves the coil. The solenoid detector,

just as the target-frame, is a detector with low internal resistance,

as a result of which it is easily matched with the supply cable

resistance.

A drawback of the solenoid detectors is the relatively low slope

of the generated pulse fronts, which makes it difficult to form

signals with high temporal resolution.

A capacitor with holes in the plates through which the model

flies (in the direction perpendicular to the plates) can play the

role of an electrostatic detector, since in this case a correspond-

ing recording signal will be generated on the capacitor plates.

]49
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: A passage time detector can be created using interaction of

high-frequency radiation with the model material. To this end, high-

_ frequency radiation is transmitted in the direction perpendicular

3. to the range axis, and this radiation is sensed by the detector,

I When the model enters the UHF field, the detector will record a

_L. weakening of the signal.
6;.

i' These detectors are not widely used because of poor reliability
-- and limitations in selection of the model material.

§ 3.3. Synchronizing Equipment

- After amplification in amplitude and power, the signals gener- /132

ated by the projectile passage recording detectors can be used to

• trigger the measuring and photographing apparatus.

_:_" Vacuum-tube photoelectric detector signal amplifier circuits

_.- can be found in [5, i0, 14].

_. The amplifier (Figure 3.6) described in [6], thanks to the input

phase-inverting stage (pentode part of TI), makes it possible to am-

plify both the positive signals arising during light beam modulation

- by the flying model and _he negative signals caused by self-luminous
'Y

objects. The stages utilizing T 2 perform limiting of the signals

(left half) and "clipping" of the PEM noise (right half). The pre-

"_ sence of the second phase-inverting component (right half of T 3)
i

"• with input differentiating loop makes it possible to discriminate,

•L when desired, either the leading or trailing edge of the amplified

• signals. A cathode follower (pentode part of T 4) and a thyratron

_ (T5) serve as the final stages.

A similar circuit based on transistors was used in [8]. The

equipment was tested on 4.6-mm diameter models at speeds from 3 to

6.3 km/sec.

150
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r........

4'....: _IP /i,_--_l-I/_25T]_-qF_-r26NIP_--IF-qT2_--qFT36NIP_--_F-]'1'3<'_----_I-T4_P_'_llq

- 511 I....
" TsTG3""I_./,"_+_-I._, " i--_-Ti

,,...... . Figure 3.6. Vacuum-tube PEM signal shaping amplifier

" _ 1 S2 _ S6 S7 S9

'- Figure 3.7. Transistori_ed amplifier with

_, phototransistor sensor

An amplifier for the signals generated by a phototransistor

under the influence of luminescence of the gas surrounding the model [7]

-:-- is shown in Figure 3.7. This amplifier also uses transistors for

' :i_0 compactness and to eliminate microphonics.

_'_: ......
I ' _:#-T'

_- The air luminescence intensity in the stagnation point region

: decreases with decrease of the model velocicy and the density of the

- .: medium; consequently, the recording channel of this type has a sensi-

.i:"-..-- tivity threshold. Since this system was capable of recording models

- traveling at speeds > 2000m/sec in air at _. pressure of % 1 mm Hg,

_ we can consider that it has high sensitivity, making it poss__ble to

use this system over a wide range of variation of velocity :_n,J

.... density of the medium.

.,

i
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'i<_i In the case of widely spaced recording and photop:r,al,h_nf< l':le]ds,

--- time delay components must be introduced into the c:ircutt in or,d.er tom:•- synchronize the photographic device trlgo..rln_ time w:Ith the model

m appearance in the .Field of observation (and also when studying the

_& wake downstream of the model or investigation collision processe_).

Reactively triggered circuits of the monovibrator type [5, 15],

single tube reactively triggered circuits of the phantastron type

based on use of linearly "varying voltage [14, 16], and delay lines

are usually used as delay elements.

The drawback of the delay lines is the necessity f3r using /134

artificial lines constructed from discrete elements in order to ob-

tain large time delay magnitudes. As a result of this, smooth vari-

ation of the delay magnitudes and their automatic regulation become

impossible.
•.

The drawback of the monovibrator circuits is the instability of

the generated delays, amounting to 2 - 5%, which is due to the fact

that the output pulse duration is determined by the exponentially

7 varying coupling capacitor discharge voltage. In addition, linear

variation of the delay duration as a function of the controlling

voltage magnitude cannot be provided when using monovibrators.

Taking this into consideration, preference is given to the

phantastron circuits, which have high operating stability over a long

time period and linear relationship between the controlling voltage

and the delay magnitude. The phantastron relative timing error can

be reduced to _0.5%,and the nonlinearity between the controlling

: voltage and the delay magnitude can be reduced to 0.1%.

Figure 3.8 shows the complete synchronizing apparatus circuit

:.. [16], consisting of a PEM signal amplifier, shaping stage, phantas-

tron delay block, output stages, and blocking circuit.

:[ The TI6NIP two-stage amplifier with integrating loop amplifies

the positive signals (with minimal amplitude 0.] V) a[_e_3rlng _cr_s_'_ I

]5°_
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Figure 3.8. Schematic of PEM signal shaping amplifier, phantastron
type delay units, blocking stage, and output amplifiers

the PEM load with partial modulation of the light beam to a suffi-

cient voltage to trigger the shaping stage. The T2TG3-0.1/1.3 pulse

shaping stage also performs the functions of a power amplifier, PEM

noise amplitude discriminator, and circuit sensitivity regulator.

The pulse delay block T 3 uses a phantastron circuit with a

6Zh2P pentode. Reduction of the charging time of the capacitor in

the anode grid circuit is achieved by the T46NIP cathode follower.

The thyratron T7TG3-0.1/I.3 with 200 ohm cathode load remotmd /13!,

to the spark source serves as the power amplifier.

i

i
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Stages T 5 and T 8 are a phantastron and the eorr.e_:pond_ng power'

amplifier, arranged in a siml]ar _cheme, which make it po_;:;ible to

• trlggex the system for photographing t,l,emodel at another' ,_cctlon.

: The entire phantastron operating interval is broken down into

three ranges, established by the selector switch $3, in order to

realize the required accuracy in the magnitudes of the delays

obtained.

,r'

• The purpose and operation of the blocking circuit, consisting

• of tubes T 9 - TI3 , will be examined in § 3.5.

The controlling voltage, which determines the durations of the

• delays generated by the phantastrons T 3 and T5, is applied to the

_i' terminal CV. The required controlling voltage magnitude can be es-

tablished manually by means of a calibrated potentiometer of the

"range" type.

: Because of several factors relating to the field of interior

ballistics, exact specification of the projectile velocity is not

•.... possible. Therefore, in order to obtain delays corresponding to the

.... model velocity, it is advisable to use apparatus in which the magni-

: tude of the controlling voltage is not established in advance, but

rather is generated in the circuit itself on the basis of actual

model flight velocity.

The block diagram of an electronic unit for converting model

velocity into controlling voltage (automatic control station _ AC)

is shown in Figure 3.13, and the functional diagram and forms of the

voltage variation at different points of the circuit are shown in

"" Figures 3.9 and 3.10, respectively.

- The signal I, arising at the instant the model crosses the

photoelectric registration field of the AC station, triggers the

phantastron T36Zh2P, which generates a delay whose magnltude T l _

:. constant for each of the bands. The magnitude of the delay T 1 i_

154
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.... TI6NIP T2TC3_ gf/f._ T36Zh2P T46S]p T56N]P OM]_ +7"J0_.
4

" _ "+-Iv,H , I _....)---_.... 9 i i
£d

: _.____X_C'_._ _---__---_---4._sw :- --
,/7/ I _--_/,._._ ,_ _--_ .... 4 . <,)

:-. /t.,_ /',n,e/_#,,,. • ' ,) J ' ' -,". V

, [ '_;co_- ....... L_
,.! ! ( ]." ....................... i

" " i am_,/,,_a J i ,• i I _-__--_-=--........... -...... '
_' ' _ L • __ / __ _ ............................... -_ ......

--_ -

Figure 3.9. Automatic delay duration control !

equal to the time for the model

_ " to travel the distance between Signal I.- -= i --"-'_

the AC station and the first T3cat_ hode j___ ___

.-' station with maximal velocity T4 grid 1 --__., for the given band• Satisfac- Signal ll .-

_ . . tlon of this condition ensures Signal Ill _____

linear dependence of the con- T7 anode-_< __! _
.. trolling voltage magnitude on

I T5 right anode- _ -L____

- _ the flight time• '_

T 8 anode i t

I .....

The delayed pulse, ampli- TII cathode--_, .5 i ........ '
"" fled and phase-inverted with

the aid of
T4oSiP,c actlvatcs Figure 3 i0 Voltage ' "_. VJ_ l,.tlon

" the triggers T56NIf and at primary point_, of automaticdelay duration control circuit

T66NIP. Wllen the trigger T 5

is octivated by the triode TO,

............. o] n )

00000002-TSE09



........................................--I........[ I T T°= i I ', I I , i

r

which Is a linearly dccz ......Ing vo].tal_c genorator, _"_,o- _u_d aet:]vn-

- t_on of the trigger T 6 leads to incr'ea,so of tbo l_onex,,utt)PcnpacJtor

.... (2.0 pF) charging time constant. The vo].tage drop acro[_s T 8 :Is f:Ir,st
,o

converted into a linearly increasing voltage by the triode T andlO'

is then amplified in power by the cathode follower TII6PI4P.

- After arrival of the signal II from the terminal OM of the first /138

:'a station (see Figure 3.8) at the corresponding terminal of the AC

station, the trigger T 5 returns to the initial position, and there-

:_' fore increase of the controlling voltage on the cathode TII (CV out-

" put) terminates. Thus, a common controlling voltage, whose magnitude

" is proportional to the time for the model to travel the distance be-

tween the AC station and the first station, is applied to all the

phantastrons.

- The functions of the correction monovibrator T 7 are examined in

'. § 3.5. Because of component parameter scatter, it is necessary to

o,- match the maximal and minimal delays of the phantastrons located

o_ both at a single station and at different stations. The maximal

delay is established at the highest controlling voltage + 200 V, by

._ selecting the capacitance, and the minimal value at the lowest con-

-- trolling voltage +40V is established by varying the 27-kOhm variable

• resistor. This tuning method makes possible practically independent

._,,. regulation of the upper and lower delay limits.

With the parameters indicated in Figure 3.8, automatic synchro-

:: nization system operation is provided in three delay bands, each of

. which provides six-fold overlap (in _sec): I _ from 594 to 3560,

: II _ from 214 to 1286, III _ from 52 to 312.

When conducting ballistic experiments, we also run _.nto several /]19

- problems requiring the use of equipment which makes it possible to
- fj :_obtain serie_ of synchronlzlng signals [17, 18]. The n_cd f_ r _;ueh

instruments arises in those cases when it is necessary to [_h_Jtof_r'al,}J

'L' the flying body at severally spatially separated and scqucntl;_l]y
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........... triggered pulsed recording systems• In add:|t]on, :_ucb equlpmr_nt :Is

necessary in order to obtain a series of photof_raphs at a sLIn_]e :_ec-

. _, (t-- tion _ for, example, when studyin[_ the wake or sequerlt:l.,_l] phases )J

.... the destruction process•
o

_" Figure 3.11 shows the block diagram of a multichannel synchro-

nizer which generates series of pulses with precisely known time In-

tervals [17]. The signal arising in the recording system when the
O

model crosses the light beam

control-
. ener; I _] F---]dividerling the impact excitation _ __J

generator. _ _ _--_-_r_
.... T IMonovi-
_" |_ I _rator

/- - / ,_m --"-r---
o . After the trigger flips, _ I '--_] _ "_"

the generator begins to oper- __ ! _ l____|'DisL-_-r-Coi_dence

ate with the same initial Staz_ ,------J ,[_]_ L_.____
,o _ phase and with constant fre- j_

quency and amplitude. In the

next stage, the sinusoidal Figure 3.11. Block diagram of
multichannel synchronizer for bal-

_ o :_ voltage is converted into listic studies
. short, nearly rectangular

:: pulses. These pulses then

pass to a frequency divider with division ratio 32, from which they

: enter the monovibrator, which forms broad pulses, equal in duration

_.._ to the master generator period.

,,,'r In the coincidence circuit, the pulse coming from the monovi-

:; brator singles out one of the pulses coming directly from the shaping

.. stage. This eliminates output signal "drifting" in time, which

.- occurs as a consequence of use of the blnary-type frequency divider /140

_ with high division ratio. From the coincidence clrcu_t, the call-

brated pulses pass to the distributor, equipped with output signal

amplifiers After activation of the final distributor _ta[,_,

trigger returns to the ori_sinal position, and the generator s_gnuls

• stop.

-D < "

]i:7

' II I I
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The main advantaf_e of' the I,,'-tdtlr synehr, orl:tzt._t_._m method Jl_

F.:- elimination of the need for ]oet_t_nF, a la.r't,,e number of pa'_saf_e de-

Lectors alonF, the range, Insteo.d, we use only a slnf_le tr, ansceiver

system, which provides precise synchronization of the spark l]_ht

source triggering times at the moments the model is located in the

corresponding fields for practically any number of recording sta-

I tions [19, 20].
i

Figure 3.12 shows the functioning of a radar synchronization

system (b), and the construction of the transceiving metering head

. (a), consisting of a klystron generator (wavelength 3.16 cm),

radiator, parabolic antenna, mixing system, and detector channel.

The transceiving head is located at the end of the range (see

diagram b), and the beam from the SHF radiator is directed toward

the flying model with the aid of a metallic mirror having an opening

for passage of the model and positioned at a 45 ° angle to the flight

trajectory and to the optical axis of the parabolic antenna.

Part of the electromagnetic radiation is reflected by the model

and returns to the measuring head, where it is mixed with the primary

SHF radiation. Since reflection takes place from a moving body, the

reflected signal changes radiation frequency in accordance with the

Doppler effect. As is well known, when combining signals with close

frequencies, beats arise whose frequency is equal to the difference

of the interfering signal frequencies; in this case, the Doppler

frequency:

,, (3.1)

where V -- model velocity; _ -- primary SHF radiation wavelength.

The Doppler frequency can be expressed in terms of the number' n of

beats appearing in the course of the time interval AT:

n

f_=_. (3.2)

Hence, using (3.1), we ¢_btairl:

I'_r=n_. (_.:_)

:t5 ;:;
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High-frequency meter
head

Parabolic_ I I _Radiator

ant_n_ _ _-_ h_d
_ Klystron

Inpu__tor_ _q]Adapter

x r_ _.resistanceFreque_ el _ Characteristic
Attenuator

a)

Arrangement of synch.
and photo apparatus

,, Flight termination
i recording grid Lightbarrier

!! XX!F / _._-_ Photo plates I_ 0

' _i! , i _ _PEM
" Klystron_ _{ n-n ,-'VJ ,,I.... ,'--r--,--,,

_:.,tj8c_,_ ',nVn-, I, '_2i'
Amplifier i/_£ t i,_14,1 n_

Input- _]

Discriminator_ ] _ ..... ' ' ;

Counterj iS,/-_ntPulse di'st

el, c2, c3,... Cn_ 1 --timers (counters);

L 0 -- preliminary segment (1.5 m);
L -- base (0.6 m)

b)

Figure 3.12. Block diagram of equipment and transceiver
head for radar synchronization method

Examination of (3.3) shc'as that, if the camera ztations are uquall.v /14;'

spaced along the range at a distance n(l/2) from one anointer, e:_cl_

nth beat pulse will appear at the time the model is locat,.d iTi !1_,

center of the camera f'Jeld, regardless off the model veJo_,Jty.

imlak_: -" " •

• -- _';."" - .... Ri ..... i......................................• I"" "l ...... I nnlNI
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- To thi;-; er_], the deLccted_ :.,mp].If].ed, and [_haped ben1, s]l".n_]_:

:,, enter a distributor, where each n TM pulse __:_ directed sequentiall,y

to the corresponding camera activation channel.

..

' System activation is accomplished by a photoeler;tr:lc pausage
...

detector. The use of a 20-row power' klystron generator is adequate
[

_, for servicing a range 15 m long, when using a 3 cm-diameter model.

_: Use of higher power generators is necessary for smaller model dia-

meters, and also when using very highly pointed models.

_i_(.I We note that the microwave diagnostic methods are used success-

_:i fully for measuring electron concentrations and wake dimensions be-

_"': hind bodies traveling at hypersonic speeds [59].

§ 3.4. Measurin$ F1yin $ Body Velocit,v

: The velocity measuring methods can be divided into two cate-

=_( gories: direct and indirect.

• The direct methods for measuring the average velocity are based

; on measuring the time during which the body travels a known distance

(between two neighboring range sections) and, less frequently, by

" measuring the distance traveled in a known time [17].

1

[ The indirect measurement methods are based on recording effects
, . ]

_:_ whose manifestation depends directly on the body velocity, and there-

fore can be used for determining the velocity. As an example of the

._ indirect methods, we shall discuss the velocity measurement method

' described in [12]. The model travels parallel to a plate with 1.5
i--- .

nun-diameter holes forming a chain with 6.4 mm spaclug along the

direction of the trajectory. As the model bow shock wave impinF,es

I "- on the holes, each of them becomes, in sequence, a source oi' spheri-
._- cal waves In accordance with the }luygens principle, the envelope

._ of the secondary waves w_]l indic,'_te the waw-; f'ront po:_it-lon, oince

-_ the wave envelope slope is approxin,atcly equal to 1lie Math angle,

after measuring this slope fr_am _',h_dowphotogral}hs and Intrudue]i_i
s

q

160
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/

::_ some eorroetlonn for d_ffract_on, we carl calculate the model velocityL[

.: to within a few per,cent.
0

The direct methods have found wide application in conducting /14____

aerodynamic experiments and studying collision of bodies, _ince they

•- provide velocity measurement with high accuracy.

A system which does not require complex electronic apparatus and
i ,i

_ exact equipment synchronization was used in [13, 21, 22] for measur-

ing velocity. The basis of the instrument is a camera with continu-

'" ous image scanning (obtained with the aid of a mirror rotating at

constant speed) and a pulsed xenon lamp which flashes as the model

approaches the instrumented section of the range.

. ,, '. The two flat light beams of this lamp, formed by narrow slots _;

o perpendicular to the direction of flight, cross the test range at two

_i sections located at a verified distance from one another. These
_o beams are brought out to different film tracks with the aid of mir-

_ rot-prism systems. At the same time, timing marks are applied to the

edge of the film by a stroboscopic pulsed lamp. At the instant the

model passes the first slot, it crosses the light beam and creates
o

_" a shadow on the corresponding film track. Then, the model crosses

---.. the second beam, and its shadow is recorded on the track on which the

_ image of the second slot is projected. Lamp illumination is cut off

before the slot image begins to re-expose the film. By measuring

the distance on the film between the model shadows and knowing the

mirror rotational speed and the distance between the slots, we can

"_" calculate the model velocity with satisfactory accuracy.

The relative velocity measurement error is made up from the sum

_, ,. of tr,e relative baseline and time determination errors; therefore,
!

in order to reduce the velocity measurement error, we must use re-

0 _ cording systems with high spat._ol resolution and increase the base-

llne Jength in the case of n_t _ery large values of the delay

parameter CxoS/2m.

2
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{," If tile photoelectric systems with narrow co]llmator slots de-

scribed above (_ 3.3) are used as the passage time detectors, and ift

[ we measure the baseline wlth suitable accuracy, we can, generally

! speaking, achieve good measurement accuracy, even on a short asc,lib -':.. " tie

., i00 - 300 mm long [6]. Photoelectric detectors with ampl]i'lers of

_ the type shown in Figure 3.6 or Figure 3.7, with baseline measurement

error of a few tenths of a millimeter and time measurement error

_:i amounting to tenths of a microsecond, make it possible to determine

! body velocity with relative accuracy to within tenths of a percent.
:i In this case, the measurement errors are due to nonldentity of

l the recording channels with respect to individual channel sensitivity

and with respect to height of the recording field, presence of pos- /144

sible recording field nonorthogonality to the trajectory, appearance

of model angle of attack, and other factors.

However, such accuracy is not adequate for many aerodynamic

investigations I for example, when conducting experiments in the

transonic velocity region (where there is rapid change of the flow

parameters along the body) and when studying the drag coefficient.

In order to realize the required velocity determination accuracy,

we attempt to minimize the distance and time measurement errors. The

first is achieved by photographing (with short exposure time) the

flying models on the background of a reference system, with subse-

quent measurement of the coordinates on the resulting photographs.

The second is achieved by using precision electronic chronographs

_ which record the durations of the time intervals between the expo-

sures. In this case, the synchronization apparatus role reduces to

recording the passage times, forming the signals for activating the

camera stations, and controlling the timers [4]. In order to reduce

the coordinate measurement errors, the measurement techniques ensure

reliable determination of the body velocity to within hundredths

and even thousandths of a percent.

i II
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3.5. Determinin5 Flyln 5 Mode] TraJectory Parameters

Under the influence of the resistance exerted by the medium,

the model motion takes on a complex nature, and determination of the

longitudinal center-of-gravity coordinate dependence on the time of

flight is necessary in order to calculate the drag coefficient.

Correspondingly, the variation of the transverse center-of-gravity

coordinate as the model travels along the range makes it possible

to find the lift coefficient. Recording of the model angular motion

is necessary for determining the aerodynamic moment coefficient. In

this connection, one basic problem of the ballistic experiment is to

determine the space-time relationships, i.e., the variation in time
J

of the flying model linear and angular coordinatas.

The accuracy of the aerodynamic characteristic calculation is

the higher, the smaller the errors of the measurement of the time be-

tween exposures, the smaller the errors of the measurement of the

linear and angular coordinates at each section, and the more record-

ing sections there are located along the range.

We noted in the preceding section that maximal accuracy of the

model center-of-gravity spatial coordinate determination is provided

by measurement from "instantaneous" photographs of the model posi-

tion relative to a reference system which is tied in to the labora- /145

tory coordinate system. If, in this case, photography is accomplished

in two mutually perpendicular directions, the measurements from the

photographs make it possible to determine the angles of attack and

sideslip. Moreover, in the case of photography using optical systems

for visualizing the flow, study of the p otographs makes it possible
L

to simultaneously obtain useful information on the flow around the

bodies.

The passage time recording and photography systems are combined

into station blocks, which are usually spaced uniformly along the

range.

163
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Figure 3,13 shows the block diagram of the location of the

stations and timing equipment [4], which illustrates the nature of

the combined operation of the series of stations.

The initiating signal which triggers the instrumentation operat-

_i ing in the standby regime (chronographs, for example) in this variant

is taken from the first station shaping stage output.

Depending on the chronograph construction, the signals which

control the time measurement systems are taken either from the output

stages, the station power amplifiers, or directly from the spark

source circuits [10, 23]. For direct use of the chronograph indica-

tions in calculations using the least squares method, it is advisable

to trigger all the measurement channels simultaneously, rather than

accomplish sequential measurement of the time intervals between

neighboring stations.

If spark or any other high-voltage light sources are used on

L the range, their triggering is accomplished by large electromagnetic

and optical surges, which are capable of causing the appearance of

signals on the detector inputs of the neighboring stations. A block-

ing system T 9 - T13, located at station I (see Figure 3.8), is pro-

vided in order to prevent station triggering from false signals. The

blocking system circuit is activated by a pulse coming from the shap-

ing stage signal of the station past which the model is traveling

at the given instant. The negative polarity pulse which arises

across the 12-kOhm resistor is applied to the second grids of all

the shaper thyratrons, blanking them for a time somewhat longer than

the photographic channel delay duration, but shorter than the time

for the model to travel the distance to the next station. Thus the

surges arising during triggering of each given station cannot

activate any other station.

During both manual tuning (MT) and automatic application of the

controlling voltage, tbe blocking pulse duration exceeds the magni-

tude of the delay resulting from the large values of the time delay /]47

capacitors in the blocking phantastron.
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Along with the described method, use is also made of sequential

removal from station to station of a previous applied blocking volt-

_ age [24, 25]. In this case, in the initial condition, all the sta-

_ tions other than the first are blocked by a constant blocking volt-

° voltage, which is removed upon triggering of the previous station.

Thus, after recording of the model by the first station, the second
T

- is prepared; the second station, in turn, prepares th_ third, etc.

In comparison with the first technique, the method of sequential

, _" blocking voltage removal has the drawback that, in the case of random

ii_.!. failure of any station to trigger, all the remaining stations cannot

__ i_ record model passage, whf'e in the first method, failure of any of

• the stations has no effect on operability of the remaining stations,

which results in increased range functioning effectiveness.

_ If the range is equipped with automatic delay generator appar-

atus, then in experiments with light-weight models it is necessary_ to use a correction system, because of the considerable decrease of

_. ' their velocity along the range (see Figure 3.9). The corrector in-

. creases the delays generated by the phantastron of each succeeding

17ii-- station by means of gradual increase of the controlling voltage.

_.. The pulses which activate the blocking stage (signal III in

_. Figure 3.10) lead to triggering of the monovibrator T76NIP and the

,_:,:_.-_ associated trigger T5, which provides additional activation of the

i linearly rising voltage generator. The time of monovibrator stay inthe unstable equilibrium state, which determines correction depth,

I_ is established by means of a 1.0-MOhm variable resistor.

_ _ We note that a technique based on determining the model position

at predetermined time intervals whose magnitude is known with high

accuracy is used in some ballistic ranges for recording the space-

time relationship []7]. In this case, actuation of several sequcn-

tia!ly positioned camera stations can be accomplished from a slnclr

common detector.
L

_'_ _ 166

O0000002-TSF06



The requirements imposed on the tlrne recordlnF, prec_z_o)J :Jr_d

the time measurement technique will be examined later; Jn the pre::(_r_1,

section, we shall examine only the technique for determining the

model linear coordinates and angles of attack.

The discrete positions of the body in space are found by meas-

uring on the photographs (see, for example, Figure 3.14) the coordi-

nates of the characteristic points of the body and the angles formed

by the model generators with the reference system axes, with subse- /148

quent calculation of the

center-of-gravity coordinates .._,_ ./_-.-,--i':c_;_;> _ _ :_,_T.]i_]
:_, " : -,_-'_, i _'_ - ".. ' L _'_

and angles of attack. In- _[/. ...... ._i_,::_,_._

struments of the MIR-12, _..:_ . ,. '...-_r_:_ _: _>_ .i

IZA-2A, UIM-21, UIM-23, __:_._:._
UIM-24 and other types can .... f,:_

be used for the measurements. ! _ . .

' Comparators of the MIR-12 __))tt,())lll!i!,)_,v. !,t)iUr_,i_j_!_i
and IZA-2A types must be equip- _-, :............"":_ _':/' _" _ '_ "

ped with additional vertical Figure 3.14• Photograph of model

displacement carriages. The in flight on background of coor-
dinate scale

_rawbacks of instruments of this

type are, first, that they can

provide measurement of only a single coordinate and repositioning

of the negatives is required for determining the other coordinate,

and, second, that the instruments are not suitable for measuring

angles.

The UIM-21 universal measuring microscope is a more convenient

instrument, and makes it possible to measure with a single sctul,

both the x and y coordinates and also the angles of the model iien,_r'-

ators _o the coordinate axes. The maximal iLnear quantity too.dour

accuracy is i • 10 -4 ram, and angular quantities can be r'cad to

within 30".

The UIM-23 u.nd _IIM-;'4 univ,,r4ul m,r_;-ur:i)_ti m_i,'_'__,;::'_,),' rs h',', ......

ordinutc, and a_cl,-_, mrL._:;urc, n]er_l:. "_r_'cur_<.;y i.:J,:.)_ti,",] wit}) I )_'_I _,_' _ _,

, /
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':+ UIM-21 instrument, but are mope convorliet_t in oper,at:1on. ']?hi,IJ]M-23

:. and UIM-24 instruments are equipped w_th screerls, on one oi' whlcll all

enlarged imaze of the model and coo• rdlnate ' grid is projected; en-

larged images of the x and y coordinate readout system scales arc,

projected on two other screens, and the images for measurement of

.... angular quantities are projected on the fourth screen. The screens

_ have green lighting to prevent vision fatigue. Since in this case
]'

: it is not necessary to use eyepieces in order to align the model

° image with the instrument coordinate system or to take the readings

,. from the measuring microscales, the operator's work is facilitated /149

: considerably, and therefore the operator's productivity improves

:" significantly.
+.

•+: At the present time, considerable attention is being devoted to

_ automating the process of analyzing the pictures obtained in ballis-

_ . tic tests and cinetheodolite observations [26]. In the specialized

analyzers, the analysis results are printed out directly or trans-

• ferred to punched cards with subsequent calculation of the center-of-

gravity spatial coordinates on electronic computers.

: The conduct of precision aerodynamic experiments is impossible

without careful adjustment of the range optical equipment and tle-in
!!'

of the station reference systems to the laboratory coordinate system.

A description of adjustment techniques which do not require the use

of specialized instruments is presented in [27, 2].

- § 3.6. Time Interval Measurement Methods

- We shall examine briefly the requirements which are imposed on

.... the apparatus intended for measuring time intervals when conductlnc

ballistic experiments.

The coordinate determination urror, when u:_nU ;m,_,=i_<,n !,h_to- ]

graphic systems amounts to about 0.I ram, and Further r'_:_du<'t]on,,f
- i

this error encounters severe difficulties. For a t'][ght v<'l,L'ci!_]

or' about 5000 m/s( ,_ the exposure <ira,: r<,_ r'_-tin_" _:I"l',,_' ,_,:,rr'(.,:_,t_,J[l,n
.C, _ !

]'K_' 1 <,,_........ ,.
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10_8to this coordinate error is 2 • . If we considez. _till higher

velocities, _t is necessary to measure t_me in the chronograph to.°

within i • 10 -8 see. Correspondingly, in experimer_ts with fllght

% .. speeds less than i000 m/sec, it is sufficient to use chronographs

with time resolution of about 1 • lO-7 sec.

The use of chronographs of higher accuracv than required in each

.. specific case has no significant effect on the space-time relation

, :- recording errors, which are made up from the coordinate and time re-

,_: . cording errors, since the coordinate determination error will limit
_'_,

the accuracy improvement.

!

_ In addition, the conduct of aerodynamic studies by the ballisticmethod involves the measurement of several time intervals (on the
i

order of ten or more).
i %

Even relatively small ranges have an "effective" length of about

• ten meters; thus, the time measuring equipment must be capable of re-

.. cording time intervals with total duration of a few milliseconds.

y-: . We can see that the relative and absolute time measurement /150

: errors play a dissimilar role, since the former influences accelera-

!__ • tion calculation accuracy, while the latter changes the time "scale"

and, therefore, affects only the velocity determination error.

_,_ . The general questions of time measurement technique are dis-

=_ cussed in [28, 29].

We shall examine the fundamentals of the construction of the

circuits and specific examples of chronographs which can be used in
-o

, _ conducting ballistic tests.

The optical chronographs were the first to provide a c(_mbir_a-

tion of high resolution with the possibility of measurlng ]onC t inu.u , ......

intervals.

o

]_,',
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The typical construction of the optical ctmon_gr_l,h w_:_ d,,-_

;i _crlbed in [2, 46]. The timer i_ a ":_tr,eak" c_mera ut]llz:_q,: 45()_m-

long light-sensltivc film positioned on the inside of a ci:rcular drum,

at the center of which there ic a mirror mounted at a 45 ° anE.]e which

• rotates at high speed. Marks with 20 psec repetition period a_(:_made

*. on the film with the aid of a pulsed mercury lamp (simultaneous]y

with the signals defining the time intervals), in order to monitor

fZ_::.... mirror rotational speed and film shrinkage. A different mark repetl-

i_i_ tion frequency can be specified if desired
_L:

_ At the instant of activation of the light source which photo-

._ graphs the model, part of the light is directed by a system of lenses

i and mirrors onto the film, causing localized darkening of the filmcorresponding to the signal appearance times. By counting the number

of whole 20 _sec marks located between these signals and adding the

"durations" of the segments from the nearest mark to the signal,

__ found by interpolation, for each of the signals, we can determine to

• within about 0.2 _sec the durations of the time intervals between

flashes.
J

o

_: High absolute measurement accuracy is ensured by using a quartz
• .°.

,_• generator to establish the mark repetition frequency.

A laser can also be used in the place of the pulsed lamp to ap-

ply the marks to the film [30].

°

The drawbacks of chronographs of this type are their large di-

mensions, sensitivity to mechanical interference, and the necessity

for using comparators or measuring microscopes for the interpolative

" readouts.

!

_- The use of electronic timers is very pr'omisi_g from the view-

point of providing accuracy and opcr'at]r_g convc_ic, ncc.

We shall note several chronograph d_slgns In which s!,ir:_]-[_a_ /i _]

cathode ray tube_ are used as indicator ....

7
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The chronop;r'a.phs of the 1V-13 and IV-13M type's [3]] have t<ml-

_, pots] ,"esolut_on of O.1 IJsec', and p(2j:,mlt mca_ur'].ru_ n s:lnff,](. _ t].m<'

:. interval of duration no lonf_er than 300 IJ:_ec. The IV-13MA ehrono-

graph can be used t_ record with the same accuracy several intervals;

however, the total time recording duration ix only 180 psec.
.°.

The instruments described in [32, 33] are used to measure a

single millisecond time interval to within 0.2 psec.

[i The IV-22 chronograph provides high time recording accuracy,

_. equal to 0.02 _sec, but permits measuring only a single interval with

duration less than 300 psec.

2

,_ Instruments which permit measuring long time intervals with

high accuracy are also constr_'cted using the principle of converting

the time interval into a number of pulses which is proportional to

.... the given interval. This n,_mber is recorded by a counter equipped
2

with an indication system.

- The time measurement error, when using counters, depends pri-

• marily on the stability of the generator pulse repetition frequency

:' and the counter resolving time, which determines the discreteness

: error, i

The pulse generators are usually constructed using a circuit

with quartz frequency stabilization. The day-to-day stability of

, such generators is i0-5 - i0-7. Thermostatting further reduces the

instability by several orders of magnitude.

Several variants of counter and commutator circuits with time

" resolution equal to or better than 0.i _sec are known (see, for

example [34 - 37]). The Ch3-9 and Ch3-35 frequency-meter counters

have a discreteness error equal to 0.i psec.

" Time measurement accuracy ix often improved by us_n_ an c]r-;;-

- tronie ver'nter.

_ 17i

II • i • llliI I -- I
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Specifically, a time interval of duration up to 256 psec can bc

measured to within 0.i psec, using a chronograph [138] which is a com-

bination of a counter-generator with reso]ution I _see and a preci-

sion readout system with resolution 0.i p_ec, which serves to reduce

the discreteness error. The vernier system uses a delay llne seg-

ment, and is equipped with a type MTKh-90 indicator, so that the

total time is determined visually.

The need to measure a large number of nonperiodic time intervals

has led to the creation of multichanne! timers.

The chronograph described in [39] permits reo, rding six mil!i- /152

second time intervals to within 0.i _sec. The chronograph consists

!_ of six identical counters, six commutators, and a common 10-MHz-

frequency master generator.

The chronograph described in [40] uses four counters with 0.625

sec resolution, operating together with a vernier unit using a cir-

cular-scan CRT to measure four time intervals. The time for a single

scan is 2.5 psec. The signal appearance times are marked by short

(less than a full circle) illumination pulses with stepwise varying

scan radii prior to recording of the signal from each succeeding

station. Measurements from the oscillogram make it possible to ob-

tain a "vernier" readout with an error not exceeding 0.025 usec,

and thus make it possible to refine the measured time interval

durations.

Since the problem of measuring a large number of time intervals

cannot be solved by simple increase of the number of counting chan-

nels, special chronographs have been developed. These instruments

are based on using either several cathode ray tubes, or one or' two

counters, in combination with a system for storing the intermediate

indications corresponding to the successively measured time interval

du._ations.

A chronograph is described in [4]] which makes _t poss[b]_ to

measure, several tlmc _nterw_is of ovc1'u]l u _r'ation scvez_ mill:is_,c-

onds to within 0.i pscc by using two cathode r'ay t,ub,;s.
I

I'(,__

-.o ,. ' .... .......
........ _ H mI--ll -
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The first tube, w:Ith spiI'al scan period equal to 200 IlSec _Lr_l

marks denoting ]O-gsec intervals, increases the total _,ecor'dJnff, t-tm_._

but does not permit precise readout. On the second CRU! with 20 tJmt_s

faster scan, and consequently 20 times smaller step, only the splr0a]

segments corr.esponding to the ends of the measur'ed time ]nterw_]s

are illuminated in order to avoid merging of the sweeps. These

"fast" spiral segments, with timing markers every 0.5 _sec, serve

for precision readout.

i The chronograph of [42], consisting of two identical counter, s

I and two systems for readout of the intermediate indications of the

counter triggers, a dual-beam CRT memory, and a commutator, makes it
r possible to measure about a hundred time intervals of duration up to

13,000 _sec to within _ 1.2 _sec. The instrument operating principle

is as follows: when measuring time by one of the counters, the indi-

cations of the other counter, corresponding to the previously meas-

ured interval, are output to the CRT by means of a special interro- /153

gate system.

Figure 3.15 shows the block diagram of an electric chronograph

[43] for measuring approximately 40 time intervals with accuracy

0.02 _sec, constructed using a single counting channel with resolu-

tion 1 _sec, a block for transferring the intermediate counter indi-

cations into the memory system, and the vernier unit. The memory

system is constructed similarly to the preceding instrument, except

that the linear-scan-type vernier indication is output to the second

beam of the CRT. Thus, the oscillogram presents the time intervals

in binary code and the corresponding series of vernier scans.

Prior to arrival of the signals defining the time intervals,

the counter continuously counts the pulses of the l-MHz-frequency

quartz oscillator. The first signal arriving at the instrument input

triggers scan I and the strobing pulse generator, which gunerat_,s a

positive pulse of duration 1.5 usec. The strobing pulse enters the

coincidence circuit, which passes a single counting pulse. The

amplified coincidence pulse passes through the 0.5 lJsc'cd_.,]a,Y].l_,

and triggers the disconnect monovibrator, whlch blanks the amp]if'l_:,r

17 :;

O0000002-TSF'I 3



'" i ,i i

•i - , T

' [I for 3 gsee, i.e., it; d:[scormeets the countor_., l'or thz0cc counl,]nl,;

• pulses. ]in the course o£ th:[_ time, the counter, :Is :lntc:i.r, ocated

and its :Indlcates are r, ecor, ded.

-.[

_ , The interrogate block.inL, /_enerator i.'_ trll_;ti_'er'ed by the l'ront o.1'

the disconnect pulse, with 1 _sec delay. The pulse Prom the block-

ing generator enters the interr,o_ate circuit and trdf_gers scan If.

: From the output of the interrogate circuit, the counter indication,

, . in the form of a sequential series of pulses, passes through the

' • amplifier III to the tube vertical deflection plates, and is recorded

.... in scan II.

: The input pulse is applied to scan I with 0.5 _ec delay, and

:, the I-MHz timing marks and the interrogate pulse pass throagh the

mixer. The interrogate pulse must be input to scan I in order to

_,< eliminate the ambiguity of +_ 1 period of the quartz generator sig-

nals; it serves to correlate scan I of the input pulses to the first

and last counting pulses of the corresponding time interval.

.: The chronograph described in [44] makes it possible to record

14 sequential time intervals of duration from 64 psec to 16,448 vsec,

"': each to within 0.02 psec. The instrument is based on the principle

"._ of counting the number of microsecond pulses during the measured time

intervals with simultaneous oscillographic recording of bhe time of

arrival of the pulses defining the time intervals on a type 23L051

circular-scan CRT.

L_ .

Counting of pulses with l-psec repetition period in this chrono- /],_r..).J

- graph is also accomplished by the single binary counter from which

_ - the information is taken sequentially to the corresponding columns

<' of a matrix consisting of cold cathode thyratron memory elements [45].
%

The coupling and interaction of the chronograph el_.mcnts _rc

easily followed in the block diagram of Fik_ure 3.]6.

:" After arri'al oI' the ini_atint; slk_na_, the inorlov:li)r;:_i,_r 1

. activates, ot)enln[; the c.clector l, and thus c:lJevg.t:.t]r_l, t_,c tnt;t, rum,.._Jt

.°

.. ]-7 4
t
i
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goner .... _- / 2 3 4

I StrObe

dener. Counter

t' i
i" InpuD llnpu{l T<T-_ ...................

rBi asT[S can, leset
-gener.-_qgen [ ;mar_ _-
I ! I| Z I [stagel

• ' -_ _ 1 -- pulse no. coderBias-] IScan.1.

gener.u4--4Gener,_--_ I_'_'_ 2 -- input pulse
L____ [ // J _ 3 -- timing mark• from counting

_ ,__{_ I, pulse

_Su 1812_z 4 -- interrogate
./

i Figure 3.15. Block diagram of electronic chronograph with CRT
- recording of the measured time intervals:

_.. CC -- coincidence circuit; IBG -- interrogate blocking gener-
ator; DG -- deflection generator; IC _ interrogate circuit;

-_f SSG -- sinusoidal scan generator
L

• Mono-! _r'_rL [_ei_< ",_m_ -. '_ Info.]-.-----=--_ _u • ue±a- vibr. [ I scanr'_-_---- -4 ,-,-- Y .. , -- ., Heaaout
Initiate_- | I j gener.| i h Ii _ [count. | block]

Input e_i Selec{ Ampl. vibr. [Trigger ec i[b, Matrix

l i !l,!h,_- I i

2JIY/,'J' r,F..re._qct'?-'"QMG, [._oarrmke_ ' Se lec : ,Ic'our, t !..... '-_ [_Cath.m_r----_ .. -"I

mlVl r Z _0 _," follow, i

bioc__f_"'rime"
• ' _'--_- m_m signals

"Freq.- _'=
I_. . .]|leson. ,Marks & - 0 2 usec
_iVi(l ..-,---J _ i

/'"'° i- lamp!., ]
i QMG -- quartz I

master generator

Figure 3.16. Block diagram of electronic chronograph with
• matrix memory using cold cathode thyratrons

]75
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for a time estab].i[_hed In accordance wilth the expected e_.xpcr_.ment_-

.!.._ duration. After pa_sing through the selector and amplifier, the _ig-

nals defining the time interval f]J.p the trigger controll]ng se]a.c-

_'" tors II and III into the position in which selector II is open and

;._. selector III is closed. At this point, the counter stops, and count-

ing begins in the dela_ counter.

,

In the course of the delay time,• equal to 64 _sec, information

is taken from the primary counter and transferred into the memory

matrix; then, with the aid of the automatic reset block, the counter

is set to the original position. After completing the operating

cycle, the delay counter puts out a pulse _hich flips the trigger, as

_:.'i a result of which selector II is blocked a__d selector III is opened,

and the primary counter again begins to count off the next time

interval.

In addibion, the pulses from the input signal amplifier are

input to the monovibrator If, which generates bias pulses 8.5 wsec

long and controls the radial scan generator, which provides stepwise

compression of the circular scan to prevent overlapping of the sweeps.

Analysis of the oscillogram (see Figure 3.16), consisting of

parts of coaxial circles of no less than 140 mm diameter, which are

broken down into segments 0.2 _soc long, makes it possible to count

the number of microseconds and fractions of a microsecond to within

0.02 microsecond. This time is a correction of the total time read-

out, taken from the indications of the corresponding matrix column.

The standby operating regime is quite convenient, since it per-

mits identify the group of signals between which the time intervals

are measured from the series of pulses arriving at the instrument

input. This makes it impossible for the chronograph to trigger from

random signals prior to and after conduct of the experiment.

M_, A single 5 MHz quartz-stabilized master osc_llato: _s used in

. the chronograph. All the other signal frequencles required for
]76
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instrument operation are obtelned by direct dlvialon c)f the manter

i oscillator frequency, which ellminate_ the "racing" phenomenon.

Since the measured time interval durations are determlned to /15_

within + i _sec directly from the indicator matrlx, it is possible to

L obtain fast estimates and monitor the experiments being conducted

without the need to develop, dry, and analyze the oscillograms.
[

_ The time measurement problem cannot be considered separately

from operation of the detectors and the circuits for forming the

"time" signals, and also transfer of these signals from the detectors

to the chronograph. Serious attention must be devoted to determining

• the operating point on the detector signal diagram, relative to which

i'_ the "time" measurement is made. The operating point should be

selected so that the stability of its temporal coordinate will be

maximal.

Realization of time measurement with accuracy on the order of

hundredths of a microsecond requires careful specification of the

program in each individual case and control of the process of detec- i

tor signal conversion into electrical pulses.
i

The degree of detector standardization should be subjected to

periodic verification.

Analysis of the phenomena taking place in commu,,ication lines

indicates the necessity for matching detector output resistance, line

characteristic resistance, and chronograph input resistance.

I" Another _ignificant factor influencing time measurement accuracy
is the presence of electromagnetic and frequently detonation inter-

I ference, accompanying the conduct of the experiments. General pro-
[.
• cedures relating to the methods for eliminating these interferences

or reducing their influence cannot be defined, and in most cases

individually approved techniques are used.

]77
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3.7. Visualization Methods and Photop;raphic Systems

High-speed photography is the primary source of infor.mal;ion when

conducting aerodynamic studies, and also experiments involving the

study of collision and destruction processes.

When photographing flying bodies with the use of any flow visu-

alization system, we can obtain various data on the flow around the

bodies. At the same time, we can determine from these photographs

the "instantaneous" values of the model center-of-gravity coordinates

and angles of attack.

The shadow method, the schlieren or Toepler method, and inter-

ference methods can be used to visualize compressible gas flow.

These methods are based on the fact that the local refractive varia-

tions index caused by density variations influence light ray propaga- /158

tion, and this results in screen illumination variation.

The optical visualization methods make it possible to study

flows without causing any disturbance in the stream and obtain infor-

mation on the entire region being observed simultaneously,

Moreover, since the "detector" is the medium itself, the lag

phenomena associated with inertia of the recording instruments are

naturally absent.

, ..IF,t'
Figure 3.17 shows the path of a ------ _f_A/-_" [

light ray in the case when an optical ______ &_

nonhomogeneity -- schlieren -- is en- __
0Dtical

countered along the ray path. The nonhomogeneity O

(schlieren)
disturbed ray A' strikes the screen

at point B' at the instant of time t'. Figure 3.].7 Ray path in

Correspondingly, the undlsturbed ray A optical nonhomo_eneity

would arrive at point B of the scr'ecn at.

, _b I{_'.th_ instant aft time t With the aid of special <q'" ::1 ::,},I,,_':_L.u;',, w,,

can record on the ,scI'ecn e_thcr the ray 1]n,:_a.r di;:,placcm_.-_nt :_,' - }'.

(:_hado..,l method), the .':ul_iulardcf].ccti,:_l F: (;_c'.tJ.i,._l'_:li r,;,,11_,,,_), ,,;' : i_,

f4_;_se la!" t' - t. (int,,_,fL, ror_,_,l._,r' m_-,th,,d),

1 7:4
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The recording of comblnatlon_ of thoze effoct_ i_ alt;_,l,osziblc.

Along with the visualization method_ mentfloned above, wlde use i_

also made of various modifications of these techniques.

o,:.

.. The optical flow visualization methods are described in detail

,_.i in numerous original studies and monographs [14, 47 - 55]; in the

i present section, we shall examine some features of their application

in ballistic studies.

_ :_i The shadow visualization method ("luminous point method") is
i/ i! extremely simple and, specifically, when photographing in diverging

rays does not require any optical equipment. Since a large number

_•- of photographic stations are used when conducting ballistic experi-

.... ments, the shadow method has found very wide application because of

its simplicity. Since during photography in diverging light rays

" _:" there is distortion of the image of three-dimensional objects, and

o • determination of the model coordinates and angles of attack definitely

.... require the introduction of corrections, preference is given to

•:•- photography in parallel rays in two orthogonal projections.

..... Figure 3.18 shows two versions of shallow photography systems

in parallel rays with external location of _,he photographic equip-

_°_ ment. Figure 3.19 shows a system with internal location of the
.

equipment [5]. In the latter case, the parallel light beams are

created by the silvered parabolic reflectors 6 and 7 and point light /159

sources 5. The model is photographed in the mutually perpendicular

_ light beams I and 2, yielding on the films 3 and 4 horizontal and

vertical shadow projections of the flow pattern around the body.

A similar system was also used in [8].

_i The light sources used in the shadow instruments ("luminous

_._ point method") must have small luminous zone linear dimensions,

since otherwise it is impossible to obtain adequate spatial resolu-

tion. The magnitude of the blurring d, owing to th_ flnit_ light

source diameter D, can be estimated from the formula:

g = n T,

if'?
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_,.,.,._.: _, _Light ,'Sin

'_ .

":. Objectives

,_ Windows

,!4_:
%: Mirro

_-;__ Effective" _
•_" . ales __

.... -- model , Photocassette
recording a)

_" section
..< Light

,, _!: ,_source Figure 3.19. Shadow photo-

" _/_ "_1 graphy in parallel rays with

internal location of the:i........ _ apparatusParabolic L-_ Cassette

, mirror b )
m-. where _ is the distance from the /160

: object to the cassette, and f is
Figure 3.18. Shadow photo-

the objective focal length.• graphy in parallel rays: a)
system using point light source

'J : and objectives; b) system with
" parabolic reflector As is well known, the shadow

o°- method records the second deriva-

....... tive of the density, which makes

it possible to use this method for recording shock waves, tangential

•, discontinuities, turbulent phenomena, and other gasdynamic processes

i_'_ • which are accompanied by rapid variations of the refractive index

_::" gradient.

L%2 .

'_-, With account for diffractional phenomena [55, 56], the _hadow

" method provides simple and reliable determJnatiun of data, such as

, shock wave location and shape, se[mratlon point location, flow d_.:,-

_ tacrunerlt angles, boundary l'_yer regime and thicknc;_s, und w:_k__

_y geometric patter_s [57, 58, 6]].

°

l ,";I]

I a I III I I -- I ......... g
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The basle drawbacks of the zhadow method are Itz compar,atlvcly

low sensitivity and, since this method is based on recording ray dls-

placement, the appearance of geometric dlstort:Lons of the model con-

tours. Diffractional phenomena, which show up more strongly the

greater the sensitivity of the method, lead in turn to image sharp-

hess deterioration.

Other significant drawbacks of the shadow method are the diffi-

culties in analysis of the results and the limitations in obtaining

quantitative information, which reduce to determination of the den-

sity at the apex of the axisymmetric shock wave [62, 63].

A schematic of the shadow method, with diaphragming of the beam

in the receiving part of the optical system (schlieren method) is

shown in Figure 3.20.

Cassette
Objective i Objective 2"

Knlfe-edge diaphragm

Figure 3.20. Schematic of shadow method with
diaphragming of the light beam in the receiving i

part of the optical system i
I
I

As an example of a schlieren photograb obtained with horizon- 1
l

tal knife-edge alignment, Figure 3.21 shows model flying in air, with

P = i atm, M = 2.74, and Re = 9 • l06.

There are many different schlieren syctem variants, but tn

practice preference is given to the scheme with parallel ray pa_sage

through the region under study [i0].

A parallel light beam i'_ creatL, d by the:, c,b,]cct_v,, 1 (s,._ _ !"iKu_'_.

3.20), while the objectiv,:, 2 fh_cusc_4 the, rarbi,_. ,:.,._ll,_,:_l t,1;_rl,. ,,rJ t_l,.

cass(_l.t,c. A Foucault knl['t cdKe ,or di:li.i,ra,-ili _.,I' st.,ill,. _,l.}j{.i, ",;,:[, ];;

located at. the f'r_cu_; of' the ub.]_,ctl_v,. ;:, iIn th,.. _,r,_.S,:TL'.',' ,.,1'

,, ]
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vi -

schlieren in the ray path, t)art of the clefleered ray:_ :Is bl{_ek,,d by

.- the diaphragm, which leads to chanflc of the s(.reel_ il]umJnal,]o_ ]i_

i:[i the reEion where the schlieren are focussed.

d_ t

In place of the diaphagm, we can also use a grid, which is

. located either in the focal plane of the objective 2, or' is shifted

I out of the focal plane along the optical axis (defocused diaphragm

r. method).
I,

aL_!i Severe requirements in re-

.... gard to absence of nonhomogene-

.. ities and spherical and chroma-

tic aberrations are imposed on " _'-'=_: J
o ."

''._ the optics used in the schlieren

system. Most suitable are the

. long-focus objectives, and large

_. diameter reflector-meniscus ob-

jectives are usea in schlieren

- instruments. Figure 3.21. Schlieren photo-
•_ graph of model flying in air

106
The schlieren method makes (M = 2.74, Reatm)9 , P : 1 /16]

' it possible to detect refractive

index gradients and permits

_ quantitative determination of the magnitude of the first derivative

of the density [49, 52, 53, 55]. Even relatively sma) l, but sharp,

density variations are clearly recorded on the schlieren photogra;)hs.

The addition of a pair of parallel semitransparent mirrors

_;_ mounted at the edges of the region under' study permits significant

schlieren syst_,_ sensitivity increase [64]. A schticrt, n syst,<,mlw_1,1_

i double ray passage through the optical nonhomogene_ty is descrlb,,,l I

: in [59, 00].

: II_l<'rl<'S Oi" tllt' O[),]I'CLIVc _] _.rl LHC [;chl:iCf'C_[ t[l_[;! F_JH_"_l!. , I its, iH}!I_<' ,.I'

t]l_a i'Lyinl;mode/ ]S undistor'tu,].

Iii
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! 1

In those cases when it :Is de_il,ab]e to obtain l_hotol,;m_],l,:_(,n :,

i : i scale -- for' example, when recordin[_ the s[),'te_-1,imc d_'I_,.nd_:_('_'

of flying bodies, the objective 2 is positioned so that the scl_l:iercr,

and the cassette are located in the principal conjugate planes of tl_e /]I]_'

objective, i.e., at twice the focal distance from the objective. We

._,_ note that optical systems analogous to Figure 3.20, but not equipped

: with knife-edges or diaphragms, have found application in photograph-

_'- :.. ing the silhouettes of models with minimal recording of the optical

: nonhomogeneities of the medium [25, 58].

;_ :_' Both point-type and line-type light sources are used in the

schlieren instruments. The line-type sources have the advantage that

i' they are more effective in relation to light output.

The interference method [49, 50] has the greatest potential

_ capabilities in relation to obtaining quantitative data. .....With the

, aid of the interferometer, we can record the refractive index varia-

tion and, consequently, we can determine the corresponding dlstribu-

tion of the density of the medium.

- In ballistic studies, we normally use the Mach-Zehnder inter-

._ ferometer, whose schematic can be seen in Figure 3.22. The interfere-

: meter operating principle is as follows. The light ray from _ne
i"

source arriving at the first semitransparent mirror is split into two

" coherent rays, one of which passes through the range region under
T

: study, while the other passes through a compensator which regulates

o .o.

<: Semit ran sp arent

.[i mirror_-Test region

° ObJectlve; =_--_.Fixed mirror

° . Light souroe It II 6bJectlve, Cassette

: Comper,- " -- .---

AdJ us!;able Semltransparent
c miITOr mirror

Fit'ur'c 5 '__ M:}(-}_-Z{.,hnd,,z' ]nl,,_',_I_, r ',,m,'l,,z'_ ., • tL_£1<' _

00000002-TSG09



I i
i f !

the ray path dif'fc'r,enc;e. The: rays ar'(_z'eeomb]__Icdby 1,1J(,;;t.c'_,_id

semltransparent mirror, and the :]ntc_.f_,roncc patt_,z.n :Is p t,c)Joc1,<w]

onto the cassette. By varying the adjustable m_z,rof arH';]e, we (',,J_J

establish the spacing and slope of' tile interference fringes.

Variation of the "working" ray optical length (the optical

length is the product of the refractive index by the ray pa_b loncth)

is accompanied by proportional shift of the inter'ference fringes.

Measurements of the fringe shift make it possible to determine /163

the refractive index change, and therefore the change of the density

of the medium (since the density is linearly related with the re-

fractive index).

The theory and application technique of the Mach-Zehnder inter-

ferometer with single-mirror regulation are presented in detail in

[49, 66, 67]. An original interferometer design with parabolic

mirrors is described in [68].

The direct use of interferometers in ballistic experiments is

described in [12, 65, 66, 69 - 72]. As an illustration, Figure 3.23

shows an interferogram of the flow past a cone in air, with P = ]

arm and M = 2.35.

At the present time (along

with quantitative studies of

plane and axisymmetric density '-_

fields), studies of three-dimen- :_'-,...._

sional flows [73- 75] have been 2--_

initiated as a consequence of :_

the fact that suitable interfero- •_ _ '- ----_=-=

me'ter measur_m,ent technlqucs haw.,

been developed. Consequently,

the capabiilt]es of the optlca]

methods _Vor studylng _3asdynam]_c l°:[_s'*r '' 3.;tJ. I;Jt"rf'<'z",'_l<r z,.m "_'
flows hay'; expm_ded slgrllf'icant,]y. _'low past a <'_)n,, ilJ ',I_'. (M :

2.3<, }' : ] ',Ira)

] f4

<, _ ;+
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ri'he :_C:_JSLll,IV:ILt.V of the: var_ou:] flow vi_uallzat_orl reel, hod:', I_:

,." ' examined in [1t9, 52, 9._,
7Jr.....

_ . The density measurement methods ba.::ed on abaorpg_or_ of var,]ou'_

.o._" sorts of radiation [49, 54] are effective only at lo/",., ga_ pr_.s"ur'r:;-"
".":ii,.:.
_4.._. and, therefore, are not used in practice in ballistic studies.
,IF,.,.,,,.,ZG[:

_ i... § 3.8 Pulsed BiGht Sources

• One of the most important requirements imposeQ on the photo- /164

graphic systems used in ballistic studies is short exposure duration.

An exposure duration of 0.1 psec is required, in order that blurring

• owing to body displacement not exceed 0.i mm, even at _ velocity of

1000 m/sec.

_._::_. In addition, the photographic system must make it possible to

• obtain images of high clarity (resolution) which permit studying the

details of the flow pattern and permit measurement of the model

.... " spatial coordinates with adequate accuracy.

" : Another important requirement is photographic system construc-
o ,

:: tional simplicity and operational reliability, since a large number

• . of photographic stations are normally used in ballistic ranges.
! <

The process of blur spot formation, associated with rapid move-

:_ ment of the object being photographed, is studied in [77].

Analysis of the various high-speed recording and cinemato'graphy

_..... methods, .Prom the viewpoint of obtaining space-time information, i:,
made in the detailed survey [78].

" The techn'_ques and capabilities of h_gh-specd i,hotograpi_y u;._tl_!_

" optical-mechanical systems are examined _n d,,tai] in [51].

'_ The need to ensure high temporal ,ttl_d st)at]al r,e_;o]uti, r, ,'JrM

,o.<tior_" spr<,;_.,J o along the ru_F,c h,',:' lphotography el' the model at .c,, ,,
!,_ _, for:, led to r___]atiw'ly rar,.e at_[_]_lcutlon of ._gt_-sl-ed c_m.ras

:_ oo,.

i 4 r

,o

%' ' ...... .22du 2dL=_-- _ " -l- " i

(_ " ..... -{" ....... ._-'. ......... J',;,r . , r,'_J l,:_,-£! :_aa :......... '_ ....... :.,._,.,_,,..-;:,'*.'_;--_ _a_
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The high-speed camera version termed the "time magnifier", in
i

J which image separation is achieved optically (by selecting the mutual

positioning of the pulsed light sources, the object being photo-

graphed, and the film cassette) is a simple design, and makes it

possible to obtain series of high quality photographs of hflgh-speed

processes.

Spark "time magnifiers" of various types are described in [18, /165

?9, 83 - 89].

The high-speed photography method most widely used in ball]:;tic

ranges is photography with the aid of' pulsed light sources of short

duration.

The primary light sources used are gas discharge lamps and spark

generators, in which the illumination source is gas heated to high

temperature by current passing through the gas. These sources and

their power supply circuits and control circuits are exceptionally

simple, and they consist of a small number of component parts.

The systematization and description of various gas-dlschargc

lamps are presented in [52, 90, 91]. The gas-discharge lamp_; arc

highly economical, permit variation of the rad]atlon int,;ns]ty and

flash frequency in wide limits, trove ]or}g oi_erai, i_Ig, filL', :_nd _-Jr'_.

stable in operation. Inert gases or, m_,cury val,ors arc us(:d :In l,h,,

o gas-discharge lamps in ordez' t.()ir_(_rc:_:;(.,!,he ]u._n(:,uL;efflc],_,_,',y.

itJ6

o .J

-- ,, • Li, . [;' _ dm_.," ..... ,_ I_Pa

.... C.7-_"_ _ q,;<, • ..... .*

00000002-TSG12



Ilowevet', because of gas ,q.fl;c, rff, low ---which :Is pa:r.l,:Ieul:Jr']y ]onff.

in the inert gases, the mi}l].mal i;a=;-d_lsehap/_r-' lamp l:lght l']a;;lJ (luJ':J-

L tion ,'HrlotJnt,q to :]bout, 1 psc,(.', wll.I(:l_ [_]7'rllzll, z t,t)_,]r, i];;o or|],y ]'of 1,h()

solution of par, tie.ular ballistic exi)_]:'zlm(_nl, pr, ob](:ms. Anr)thc'r' d:l::-

adwmtagc of the gas-d_seharge lamps is the- relatively large lum:lnou:;

region dirnension.

Spark generators using diseharg( ) in air' are the pul';ed light

souz'ces most widely used in ballistic ranges. This is explained b.y

the fact that the light flashes generated by the spark so,JJ'ces can

have a duration of the order' of 0.i psec, and brightness adequate

for operation of the schlieren instruments. The spark source radia-

tor lumino',_s region (luminous body) dimensions may be smalj; conse-

quently, the spark light generators are used with success in shadow

photographic systems to provide the required spatial resolution.

Many spark generator designs are described in the literature.

They are all based on the same principle, and consist of a capacitor

(or coax line s_gment) which is charged from a high-voltage scarce

and discharges at the required instant of time through the sp_.k gap

[7, i0, 92, 93].

In such light sources, initiation is accomplished by a discharge

between an auxiliary (third) electrode and one of the primary (work-

ing) electrodes.

Pulsed light sources are characterized by the following three

basic parameters: brightness of the luminous body_ duration of the /166

generated light flash, and the spectral composition of' the radiation.

The results of studies of the discharEe processes in pulsed

light sources, presented in [90 - 103], have made it possible to

identify the factors which influence the brightness and durat,]on of

generated light flashes.

_,[nc(. the maxim,u] curr,:nt in th{, slmr'k c]r.cu:[t is d,,j'ltl,,(l b,y

the uxprt,ss]on:

]h'{

.......... O*.: :........ ; -- I a[ II I
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and the dla_cht).rg(:_ t_mo _:ormt;ant _._::

2_

F /,C - k 2L/

where U -- breakdown voltage; C -- condenser capacltarwt; L --- induc-

tance; R w resistance; we see that reduction of the ir_ductancc ]cad:;

to increased energy release rate in the dlschaz'ge gap, and conse-

quently, other conditions being the same, increased flash brightness

and reduced flash duration.

The use of short coaxial cable segments with low characteristic

impedance, which is achieved by using as the dielectric barium titan-

ate, whose dielectric constant is of the order of 1000, as capacltots

has been proposed in order to reduce the discharge loop inductance

as much as possible [104]. A coaxlal cable segment only 16.5 cm long

and having about 0.01 pF is sufficient for forming a current pulse

of duration 3 • l0 -8 sec. Mounting the discharger directly on the

capacitor makes it possible to eliminate lead inductance completely.

The duration of the resulting light flashes is 0.i _sec.

A similar principle was used in constructing a epark light pulse

of duration 0.25 psec and maximal brightness 4 • i07 candles/cm 2

(corresponding to brightness temperature _ 40,000 ° K)[93].

The discharges in inert gases have well kno_,n advantages in

relation to luminous efficiency; nevertheless, in those cases when

it is necessary to obtain short duration spark flashes, preference

is given to gases with lower molecular w,-ight, part;icu]arly n;Itro_.en

or air, at atmospheric or elevated pressure, since the afterglow ]:;

less in these gases.

In orde,r to avoid the afterglow caused by metal vaI.)Ur;;, t)),,

electrodes tLrC made ]]'rOlll fiUrl['71tcll, Wh_lch }la;]hlL']lri Ii)olt,].rl/", <[ljd
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vaporizat_.on temperatures. In addition, _ncrease of the distance /167

i_ between the electrodes is accomplished by shortening of the light

pulse duration.

_ It was shown in [97] that there is a minimal light pulse duration

for each discharge energy. Without analyzing the reasons for this

phenomenon, we simply note that for discharge energy equal to 1 Joule,

the minlmal light pulse duration at the 0.35 level is about 0.14

psec; 1or discharge energy equal to 0.7 Joule, the corresponding

duration is about 0.i _sec; and for dlscha1'ge energy 0.15 Joule, the

_ _:'ation is about 30 - 40 nsec.

The description of several light source variants having light

pulse durations of 20 - 60 nsec can be found in [96, 105 - 108].

& pulsed light source of still shorter duration (_ 2 nsec) is de-

scribed, for example, in [109].

The drawbacks of the three-electrode sources include the diffi-

culty of ensuring high luminou3 body position stability and the in-

evitable initiating spark influence on the light pulse parameters.

Figure 3.24 shows a spark generator [81], in which capacitor

discharging is accomplished through two gaps in series, which elimi-

[ nates both of these drawbacks. The source operating principle can
be seen if we turn to Figure 3.25, which shows a modification of the

subject light source which makes it possible to obtain a series of

sparks in the same radiating gap Z2 by using a corresponding number

of discharge loops having their own control gaps lI.

In order to use the source in the shadow photography scheme

_ using the "luminous point" method, the light from the radiating dis-

charge channel is emitted through a hole of about 0.5 mm diameter,

- drilled in one of the electrodes.

When using the source in schlieren photographic systems, pointed

tungsten electrodes are used in the radiating gap, and are positioned

.... in a slot cut in a ceramic. The presence of a substrate ensures

Q "j 189

........... - .......... I Illl -_
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...........I.......I.....I...................l...............I................I.................! !
,,_,. high luminous body posi-

't tion stability, and at I_

" - the same time makes it _D.I I I/ _ I_ _ _ M ^
: possible to increase the 9k_ . _ _. ; ^ _

° "
. increasing the luminous _I_" / __L_I_/ //

efficiency. _ ......., S

With condenser capa- _ ........

city equal to0.047 pF Z_
° (condensers of the KOB-4 t_ ...... _ - -

• or K-15-4 type), charged __ _
- to 15 kV, the light pulse

duration at the 0.5 level Figure 3.24. Spark light source:
i _ plexiglass posts; 2 _ brass rod;

i is about 35 nsec, and at 3 _ condenser; 4 _ transformer; 5
:" the 0.35 level -- about tung_.ten needle; 6 -- needle holder;
" 7 _porce]ain tube; 8 _transformer

_- 50 nsec. With working mounting cup; 9 _ high voltage elec-

_:_.., voltage 9 kV, the light trode; i0 _ high-voltage resistor;
•" ii _ nut; 12 _ brass disk; 13
_-. pulse durations at the 0.5 plexiglass disk; 14 _ condenser; 15

....- and 0.35 levels are about housing for movnting electrodes; 16
resistor; 17 -- intermediate electrode;

_._ :_ 25 and 40 nsec, respec- 18 _ molybdenum needle; 19 _ insula-
" tively, tor cup; 20 -- nut; 21 -- washer; 22

_ molybdenum insert; 23 -- molybdenum cap

:.: Inl In In I, 2, 3 -- electrodes

._. ._ _•t_J_ L _c- y _ controlling (initiating)

" _' R I R "-- ---- -- I electrodes- , C _ capacitors
_Y

•.. [ C_I_____ _, R- charging resistor
" CI _ isolating capacitors

C. t t,
"" _ - _.2 R I -- potential equalizing

:.. I _'_ _._ S resistorI lI -- control gap

.. 12 -- radiating gap

Figure 3.25. Spark light source for obtaining series of
. sparks in a single gap

I
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The light source intensity is adequate for uce in photography

using the schlieren method (with the IAB-451 instrument), and in the

'° Mach-Zehnder interferomcter of the TE-42 type when using a light /169.

[_ filter with 20 _ passband.

Figure 3.26 shows spark source circuits with a single gap and

: initiating devices. Also shown is the typical geometry and position-

ing of the primary and initiating electrodes, which form a thyratron

*250+500V
-- I " " _ *U" ( k V )

1

- ,,o
• !,3-l

.. -/0_ a)
.Uo(kV)

TGI .... 0,0_ 'II "_

>__ l' 3,,pF[_---_'_J to chronograph,--l_-+-c_ _ = " -

_ /OO 1_ C• fO_
_;_. _ .. ,_ --

b)

Figure 3.26. Spark generator control scheme:
a) initiation with aid of pulsed transformer;

• b) inlitiati3n with aid of pulsed thyratron

system. Initiation of the light sources with two gaps is accomplished

'.[ by means of similar devices (see, for example, Figure 3.25).

In scheme a), source initiation is accomplished by a low-voltage

thyratron and pulsed step-up transformer. In scheme b), initiation

is accomplished by a type TGIi-326/16 high-voltage hydrogen-fllled

thyratron. The initiating pulses can be applied either to the

I grounded electrode (scheme a), or to the high-voltage electrode

(scheme b). In the latter case, it is necessary to introduce an

isolating high-voltage capacitor (_ 390 pF) and a potential equaliz-

ing resistor (_ i00 kg).

191
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:.... These schemes make it possible to ignite _ources with a delay

_, - of about i _sec and scatter- about 0 1 ijsec 195, iii, ].]2] We

_;_._, note that the thyratron triggering time and its scatter decrease if /170

the initiating pulse has polarity opposite that of the ungrounded
electrode, and if the initiating pulse front slope is increased.

_}' A thyratron which triggers with nanosecond accuracy is described

in [112]. A short delay time is ensured by placing the thyratron in

a freon atmosphere and increasing the operating voltage to 50 kV.

Methods for synchronizing two spark sources, necessary when

photographing in two planes, are shown in Figure 3.27. Scheme a),

which is the simplest synchronizaticn variant, in_1.iates the second

source (with operating voltage 25 kV) with a delay of about 80 nsec,

..t ._

- < Input-} ]] ,_-_] Imp - - c_n=:_?,

L'T_.C I__I]I0.I I : C
'v

Figure 3.27. Scheme for controlling two spark
sources: a) sequential activation; b) initiation

with short delay time

i;

and i0 nsec scatter of the instant of initiation. In those cases

o- when more precise synchronization is required, it is advisable to

use scheme b), which as a result of using a two-conductor line en-
_ ..°

_ sures the appearance of spark flashes with 50 nsec time difference

. and second source triggering time scatter about 2 nsec.

[

The signals denoting the instants at which the pulsed ligt_t

sources trigger, which are required for timer operation, can be ob-
: i

.. tained either by recording the excitation pulses in antenna loops 1
..... [4, 10], or with the aid of voltage dividers [7, 112], as shOWtl in

'_ Figure 3.26, or by means of photodetectors and a llghtguide system.
" i

1

- 192
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Since in the latter version the "time" " _ ' s

• _tL, nal. are formed d_r,,cb].y

... from the light s_gnals, this providez maximal time r.eeor'dlng accuz.acy.

A pulsed source of exceptionally short light pulses, of about

2 nsec duration, whose operating principle is based on illumlr_ation

of a CdS target under the influence of a high-density electron stream,

is described in [82].

) The source provides essentially monochromatic radiation with /l___

wavelength 5300 _. The wavelength can be altered by suitable target

material selection. As a consequence of target heating during elec-

tron bombardment, t_e radiation band has a width amounting to 1% of

the wavelength. Thanks to the monochromatlcity of the radiation,

i_!.. the use of light filters is permissible if it is necessary to elimi-
• nate self-luminosity of the objects being photographed.

,ii The energy of the light pulse emitted by a source with target

_ji 14 is to 0.025 J. When using diaphragms, the source
diameter mm equal

can be utilized, specifically, for photography using the "luminous

point" method in ballistic studies.

,-. The use of lasers as light sources for high-speed photography

has been initated relatively recently. The pulsed light source,

.sed on the laser, has exceptionally high radiation intensity and

is monochromatic (line width less than 0.5 _), and has space-time

coherence and high directivity. In addition, photography with ex-

posure times on the order of a few nanoseconds is possible with

•.. operation of the laser in the pulsed Q modulation regime.

• The high brightness of the laser light sources [i13] makes it

'"' possible to use them for photography with external illumination of

strongly luminescing objects, and also for high-speed microphoto-:.

graphy. For example, results are presented in [115] of photography

of an exploding tungsten wire on the background of a diffusion screen

illuminated by a Q-modulated ruby laser having several megawatts

- radiation power. A descr_ptlon is given in [113 - 122] of' laser use

" for shadow, schlleren, and interferometric plasma studies.
o.

"

_..,d

..., , , ..,,,,., ............ " _ i'-_ .... "f-_ .......... I .... I I II.......
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The combination of lasers with high-speed camora;_ or. _.] _etr, on-

optic converters opens up post_ibllities for cJnephotof_raphy with

.... nanosecond exposure durations and picture frequency of about 15 • lO 6

°_ frames per second [123 - 127].

A unique "time magnifier" with exceptionally high time resolu-

tion (exposure duration 5 nsec, time between frames I0 nsec) is de-

scribed in [128]. In this instrument, the flashes of a laser operat-

ing in the giant pulse mode are separated optically by a system of

_i semitransparent mirrors, located so as to ensure different light beam

path length. As a result, there are formed from a single laser pulse

[ four signals, shifted in time by magnitudes corresponding to the /172

_ optical path lengths. In order to reduce graininess, a diffusing

screen is introduced, and the self-luminosity of the process being

studied is reduced by an interference filter. This "time magnifier"
! -

_: makes it possible to study phenomena taking place with velocities

i" l04• up to m/sec.

'" Casette
i

The high intensity and short li![

I,/Iduration of the flashes created by
Filter

the laser light sources have led |_|_ObJective
to their use for ballistic studies ,_Window, .

,. [129 - 138]. Ph°t°detect°_"L_ _v_e"_'_'"

In [133], a laser in which Q Model._.-_'-",_"

modulation was accomplished by a ,__,_.

Kerr cell served as the source of Diffuse_ Light source
reflecting

light pulses of duration _ 30 nsec screen

for photographing models of various
Figure 3.28. Schematic of

form, flying at speeds up to 7 km/sec. setup for photography in
A schematic of the photography system reflected laser light

is shown in Figure 3.28. A similar

technique was used in [138].

I_4

00000003-TSA07



.o

,. Shadow photography in p:_,,_.llellight rays oi' bodies in free

._ flight with the aid of' a pulse-modu]ated laser was performed im ]]129,

. . . 130, 136], with the exposure duration reaching 5 -' ]5 nsee. The

photographic system optical channels did not differ in principle from

_. those shown in Figure 3.20.

Li Thanks to the use of a laser light source with 5 nsec duration,

'°_ photographs were obtained in [130] of a model flying at 6000 m/sec,

which permitted obtaining information on the model geometric charac-

_'_ teristics with accaracy better than 0.05 mm.

Analysis of the cited studies shows that the use of pulsed

lasers as sources of short light flashes is advisable, particularly

_ .... when studying model material ablation.

L_ The appearance of lasers, whose radiation has high space-time
" coherence, has stimulated development of the holographic investiga-

I" tion method [134 - 163].

!i
_'. The basic principles and possible applications of laser holo- /173

graphy are presented in [141, 142, 148].

l

. Several dual-beam holography system variants are known. In this

" case, the hologram is a photographic record of the interference pat-

_. tern which arises on the photofilm during interaction of the wave

coming through the nonhomogeneity being studied and a reference wave

(see, for example, [135, 162]).

Reconstruction of the image is achieved by placing the hologram

" in the path of a coherent light beam with the same wavelength, if

certain geometric relations are satisfied.

o- The use of lasers, which generate nanosecor_d band light pul,_u_,

makes it possible to obtain "instantaneous" holograms of dcf]nite

-- moments of' gasdynamic and other hlgh-speed processes, r_nd thus per-

mits us to es:_entially "freeze" the wave fronts corr,_,spomd:I_K to

• these moments of time. After reconstruction, the wave _'ront re-
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,, corded on the hologram carl be studied in detal] by var:tous opt:teal

•_- methods (shadow, schlieren, :Tnterfe:romcl, ric).

_.:,.T" The description of the technique for forming pulsed laser radia-

tion with monochromaticity and spatial coherence (mode selection)

_ . necessary for holography by a laser, operating in the giant pulse

°3 generation regime can be found in [136, 162].

In order to illustrate the specifics of holography application

._-'..... in ballistic studies, we cite [134 - 136, 161]. The diagram in Fig-
12.

_! ._ ure 3.26 [134] shows the basic elements of a pulsed ruby laser,

" -i, controlled by a Kerr cell (or Pockels cell), the irser beam expander,

, and the holographic part of the apparatus, which consists of a beam

splitter and three surface coated mirrors. The instant of laser

9O%
, reflector

_ Diaphragm,_ .... =_
,_, _//.-, _.. ..... -m

Kerr cell .... I- Glahn

,. _ ,polarizer- -_-_
__. " __ Xenon. 1,5.

,. _ flashlamp ....°_o I
.Ruby rod, o_1_:_° I

_': Diaphragm, _ I/,4n._.._ J_.___.
135%output __

reflect or"_-

t, lens
'd_Imi "

'Glass beam
...._ " _ split ter'_ _

• 0

" o Surface
.H coated \ [

- or\mirr

•" _ Reference_ I _

o_'., _ Diffuse plate
O

-"--'- u_ fto "--- Flying modelL
• o .

J

' il.... Figure 3.29. Pulsed holographic setup
L

o ,
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trlgl_erinfz ls synchr,onlzed by the passlng model and "pumpln/_" of tI1_:

i ruby crystal is accomplished about i mzec earlier.

i The authors of [161] used a ruby laser to obtain holograms of

i_ a model flying at 2 km/sec.

ii In [135, 137], two holograms were photographed on the same photo-

film (with approximately equal exposures), without the flying projec-

tile, and then at the instant of projectile passage. A two-dimen-

sional interference pattern, analogous to that obtained using the

conventional interferometer, was observed upon reconstructing the

wave front of this dual hologram.

Several advantages of holographic interferometry have been

noted, primarily the absence of the need to make precise adjustments

and use precision optical elements.

An important advantage of holographic interferometry _ in com- /174

parison with the Mach-Zehnder interferometer, for example _ is the

possibility of obtaining holograms with broad angle of continuous

scan of the fields being studied, which is necessary for studying

three-dlmensional flows and, specifically, the influence of shock

waves created by a discharge on the flow around flying bodies [ll0]

_•• and density fluctuations in wakes [115].

We can mention other possibilities for laser use in ballistic

studies _ for example, for recording the passage time [136] and for

measuring proJecti)e velocity in the gasdynamic gun barrel [164].

§ 3.9. Electrical Fast-ActinG Shutters

Model movement in air at hypersonic speed is accompanfed by /l'___t_

intense lltmtnescence of the surrounding _]as, and collision of a body

with a barrier causes the appearance of a bright light flash; ther'e-

fore, fast-actinl_ shutters must be used in order to photograph the

_ radiation of such processes. Since the shutters open for only a

197
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_ very short time, the photographic mater:lals are _n°ot_,cted.. agairi_t

long-term action of the lum_nou_-_ object radiation.
• •

_-- Fast-acting shutters are b_sed on the Faraday [94, 165, 166],

- Kerr [6, 94, 167 - 174], and Pockels [180, 181] effects. In addl-
e.
_':" tion, electron-optical converters [182 - 189], television [175 - 177],

and photoelectronic [178] systems can act as high-speed shutters. An
L

important advantage of the electrical shutters is the possibility of

their syncnronization with definite moments of the process being

_i recorded.

: The phenomenon of light wave polarization plane rotation by a

;" magnetic field is called the Faraday effect. A schematic of a mag-

neto-optic shutter is shown in Figure 3.30. The optically active

_i_ element is a glass cylinder F with

_ . polished ends, usually made from Polarizer Analyzer

_i heavy flint glass. At the two ends Radiati_np_
,_.::_" of the cylinder, there are the pol- -- _0 -_C 1

_ arization filters P and A, crossed

_ at a 90 ° angle; therefore, in the
. �_kV__-__ initial state, light cannot pass

R_ ,_ Light
through the shutter, r,._---11IS source

Start[-In order to open the shutter,

•.. it is necessary to rotate the light Figure 3.30. Schematic of

polarization plane through _/2 light shutter utilizing the

along its path from the polarizer P Faraday effect

to the analyzer A.

With the light directed parallel to the magnetic field, the

magnitude of the polarization plane rotation angle a is determined

by the magnitude of the magnetic field intensity H and the length

_ of the path traveled by the light:

.. , (3.6)
a = I|'!tl,

c

L 9_3
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.C.::: where W -- coefficient of proportiona]_Ity (Verdot constant), which

f:l_.... depends on the nature of the material, temperature_ and wave]t;ngth

• of the light.

_j'_ The magnetic field of intensity H required for short-term open-

_,:;_ ing of the shutter is created in a solenoid by aischarge of the capa-

• citor C, and the light source _ if external illumination is used

is the pulsed lamp S, controlled by the thyratron T. Sequential

activation of the pulsed lamp and the solenoid ensures synchroniza-

tion of the moments of illumination pulse _n -__D_arance and shutter

L opening with the corresponding phase of the phenomenon under study.

_ The relations which make it possible to evaluate the required /176

f_-_i' voltage U 3 and capacitance C, which ensure pulsed opening of the
.

...._! shutter, are presented in [96, 165, 166]. The operating voltage is

-_._ usually i0 - 20 kV, and the condenser capacitance varies from one

.... _ tn several microfarads.

_t-: The minimal exposures obtained using magneto-optic shutters are

_ relatively long _ of the order of one or two microseconds.

_ Considerably shorter exposures are provided by the shutters us-
ing birefringence in an electrical field (Kerr effect).

The limit corresponding to the minimal exposure daration of such

a shutter is determined by two factors: the presence of parasitic

..... interelectrode capacitance and the relaxation time _ of the Kerr ef-

. fect itself. It was shown in [78] that the time interval associated

,_._ with the existence of parasitic capacitance and inductance can be

determined roughly as the time for light to travel a distance of

_-_ " the order of i cm, i.e , 3 10-1"]..... . • sec. As for the Kerr effect

- relaxation time, it can be evaluatea from the formula, due to Dcbye:

4z_v_,=-- (3.7)
•I' '

_ where _ -- internal friction; r -- average molecular radiu:_; k -- i

" Boltzmann constant, T- absolute temperature. Calculations ma,i_

- {_j[y
o
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:. fop nitrobc'nzcnm yield _._-10 _ [Joc. Tl-iu_, w<;: c:_n r_ta.to thlit, |'or t|'iO

Kerr cell,operating aa a fagt-aet_.lig _hutter, the ]..:l_mil.lr_p_ c_xpo;;ur.c ,

time i_ about i0-II sec.

The constructlonof the Kerr cell and the sh,_tter control c.lr'cuit

are shown in Figure 3.31, a and b. The cuvette, fliiud wlth an optl-

. tally active substance, usually nitrobenzene, is located between two

• " P . l ,_*' _g _o!

.' Polarizer_Ana_yzerspark'aStartg_L I_ ;-__'_ _ Z_

b

Figure 3.31. Kerr cell ontrol scheme:

a -- Kerr shutter; b -- circuit for applying
opening voltage to the Kerr shutter

crossed polarizers P and A, where the first acts as the polarizer.

and the second is the analyzer. A voltage pulse, whose duration /177

determines the time during which the shutter stays open, is applied

to the plates of a condenser immersed in the nltrobenzene.

_ Under the influence of the voltag- applied perpendicular to the

light propagation direction, the nitrobenzene becomes capable of bl-

refringence. In thls case, the polarized light components with

electrical vectors directed along and across tne external field will

propagate in the same direction, but with different velocities, and

the amplitudes of both beams will be the same if the enter':Ing light

--- polarization plane form a 45 ° angle with the direction of the elec-

_ j (b-_ trical field. The difference in the beam propa_,;ttion v_lo_Jt_s

" 2O0

• _.d

00000003-TSA13



L- leadn to a phase _h]_ft, and conc_c:_quent].y_w_th addJt;lon of' the com-

L_. ponents, to rotation of the polarization plane through the corre_pondJn_

.._ angle. The magnitude of the phase shift @ is proportional to the
. square of the electrical field intensity E, the path length Z traveled

_- by the light in the f_eld, and the Kerr constant B, which depends on

the birefringent fluid type and condition, and on the wavelength

; " of the light:

_ ___._BIE_.
(3 8)i

I '

_i"i If we ignore the losses associated with light absorption, the_ I'i intensity I of the light passed by the shutter is related with the

_ " incident light intensity I0 and the magnitude of the phase shift by
the relation:

/= si,,_(_) =-_-_-_i,_"(_B/E_). (3.9 )

_'- We see from Formula (3.9) that the maximal light intensity which can /178

be obtained at the Kerr cell output is I0/2 , with phase difference

¢ = 1/2.

.o

Using (3.8), and denoting the distance between the electrodes

by h, we obtain the expression for the voltage at w,.ich maximal

shutter opening takes place:

_ .... U 3 .Im.h (3.10)
,_- ¢_'_ •

_ , Ne should point out the nonlinear dependence of light transmis-

:_' sion by the Kerr cell on the applied voltage. According to the data

-T' of [94], 50% of the maximal flux passed by the cell flows with a

_ - voltage amounting to only corresponding complete open-
7o% of that to

ing. This phenomenon is useful when modulating the cell by short

voltage pulses of trapezoidal or triangular form,

_ " One version of a control circuit for the Kerr cell, which opens

with the appearance of an external illumlnat_on pulse, is shown in

Figure 3.33b. The initiating pulse, amplified in voltage by the

" transformer Tr, triggers the thyratron TI, as a consequence of which

2O1
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_._ ' r_egative voltage pulses of approximately 40 kV arise at the circuit

_.,.:: points A, B, and C, and breakdown of the _lluminatlon gap (or Ignl-

..._ tion of a light bulb) takes place. At the same time, the Kerr eel].
opens,

Since the time constant for discharge of the capacitance C2 is

considerably shorter than that of the capacitance CI, after some time
"1

the thyratron T 2 triggers, and this removes the voltage from the Kerr

_,_, cell and closes the shutter.

, The drawbacks of this circuit are: impossibility of obtaining

small shutter opening durations with the aid of this circuit, in-

stability of the shu_ter stay time in the open state, and relatively

low shutter triggering time accuracy.kk'"

Figure 3.32 shows a circuit intended _'_'_ukV /179

: for generating pulses to open the Kerr "

_ shutter for microsecond time intervals, t0_

_" The activating voltage is applied to c c

f

- i iJccell when the thyratron T 1 triggers, _ R= cell _, I_[ 1
and is removed by aFplying to the right- L_, . _l, '_].

hand electrode a voltage of the same 1 __. Start n,
.. magnitude after activation of the

.. thyratron T 2. The time between the Figure 3.32. Circuit for..;. applying long opening

• moments of triggering of the thyra- pulses to the Kerr shut-ter
- " trons is determined by the length of

the delay cable DI, and can be reduced to 3 psec.
L

A Kerr cell is described in [168] which has large aperture
L .

-. (2 x 4 cm at the entrance, and 3 x 4 cm at the exit), and duration

of the shutter stay in the open position equal to 5 nsec, which makes

it possible to photograph fast-flying bodies a_ speeds up to

.... 20,000 m/sec.

_" 202
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p_o

• o_ -- ,3_kV Modulator° and

.............. _ 2_ Kerr eel].
• 0"_

"" .lokV _ I _
2M ,t/_ I " -

_ D, I e Kerr
Start '% ,_ -T---- 1 Cell

• , :-. Tr , -_j-- -- .__._.j

l_/_;'ftlll[-.&] I ,.:_kV External illumination

.._. Li-:_;- -'_-_ ] [ ,I 1_2. pulse, generator
, F  ,pF II T,I- I ,

_ Exploding wire

I. .... .,J

i ,

_,,_. Figure 3.33. Circuit for pulsed Kerr cell con-
o .- trol which provides short exposure times

' ° A schematic of the synchronzier, modulator, Kerr cell, and ex-

! ". ternal illumination pulse generator is shown in Figure 3.33. Forma-

tion of short-duration and high-intensity pulses is accomplished

-, • using coax cable segments D I and D4, and thyratrons T 1 and T2, which

play the role of switches.

; When the thyratron T 2 fires, a negative voltage pulse with ampli-

: tude equal to half the charging voltage and effective duration about

,. 5 nsec, determined by the length of the cable segment D4, appear'_ at /180

the end of the cable D4, which is connected with the Kerr cell.

_:- By varying the length of the delay cables D 2 and D3, we c_n

specify the required time intervals between arrival of the inLtiating

signal and the moments of triggering of the illumination pul_e gen-

_ " erator and the modulator which opens the Kerr cell. If the generator

, based on the thyratron T 3 is used for synchronization off sone phe-

: nomenon (exploding wire, for example), then we can photograph vari-

ous stages of the process by varying the delay magnitude. If the

,. generator based on T 3 is used as an external light source, then by

:" selecting the lengths of the cables D2 and D3, we can achieve i,

203
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coincidence of the moment o1' cell opening with the moment when the

illumination source brightness reaches Its maximum. The synchroniza-

tion accuracy achievable by this circuit is on the order of a nano-.

-4. second.

An analogous system using a Kerr cell with aperture 1 x 0.6 cm,

and duration of the open condition about 30 nsec, is presented in [6].

Since when using thyratrons the

Kerr shutter aperture is limited by _*_kV

the maximal anode voltage on the thyra- _I_. • Line
_U&" trons, a Kerr cell modulation scheme(Fig- _ I_ m

_" ure 3.34) was proposed in [i12, 1703, in rCi_'_-_"2Light
which commutation is accomplished by a I__ source_-- M_ cell

u_----TS
0"

thyratron immersed in Freon-12 (the tart

o_..... thyratron is enclosed by a dashed Figure 3.34. Circuit us-

line) and, consequently, the supply ing thyratrons for pulsed
: Kerr cell opening

voltage can be increased to 50 - 60 kV.

o<. Suitable connection of a long line segment made it possible to

form shutter activating pulses 50 nsec long, and synchronize the

moments of opening with the light flash peak.

_, A drawback of the Kerr shutters is the large light loss in the

_,,, polaroids and in the nitrobenzene, which absorbs the blue part of

the spectrum, amounting to 55 - 70% of the total light flux entering

, the shutter.

At the present time, the Kerr shutters are being systematically

mm _ improved, and new electro-optically active fluids are being sought
- [179].

_ _-- In those cases, when it is necessary to use shutters with higher

light transmission coefficient, we turn to the crystalline Pockels

cells, _n which the optically active elements are, for example,

potassium dihydrophosphate crystals KH2PO 4 [180, 209, 210]. The /181

electrical field is applied parallel to the crystal optical axlz and

..... i
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[ the direction of light propagatlon. The optical effect depends

iv. linearly on the electrical field _ntensity and the optical path

! length of the light in the crystal.

We note that the durations of the light pulses generated by

pulsed lasers are determined by the opening time of the Kerr or

Pockels electro-optical shutters used in the lasers.

A shutter with exposure time less than insec, whose basic ele-

ment is a Pockels cell located between two Glahn polarizers, was

reported in [181]. The shutter makes it possible to obtain laser

radiated pulses with 0.6-nsec risetime, with small synchronization

scatter time.

Electron-optic converters (EOC) [182 - 189] have also found wide

application for hlgh-speed photography of fast processes, particularly

low-brightness processes. A schematic of a photographic camera with

EOC is shown in Figure 3.35.

• iw_ Contro'i system/_Diaphragms

ObJective
L_-_,/

Object / _ j \, i J\ Film

Photocathode' Shutter ..... Luminescent screen I

i Focusing electrodes Deflecting i: electrodes
Figure 3.35. Camera with EOC i

The EOC is a high vacuum instrument, consisting of a semitrans-

parent photocathode, a system for accelerating and focusing the

emerging electrons, and a luminescent screen. The instrument oper-

ating principle is based on the fact that the light image projected

onto the photocathode is converted into an electronic image, which

in turn is transferred with retention o£ its clarity to the lumines-

cent screen, wher,, it is reconverted into an optical image. Here,

rlirr ! T I I
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the energy of the accelerating electrical field makes it possJ.b].(_for

even the simplest EOC to increase the Imag_ brlghtnes_ by on_ or two

orders of magnitude, and by thousands of time in the cascade-type EOC.

_" The cameras which have now been developed using EOC as fast- /182
o':

acting shutters [183 - 185] make possible photography with exposures

L shorter than 3.nsec. The time resolutions achievable using EOC are

exceptionally short _1_J-__ 10-*a sec [182].

' In addition, an important EOC advantage is the relatively easy

.- possibility of obtaining, with the aid of electronic deflecting sys-

tems, series of frames positioned on different parts of the screen

[183].
'!.

• The OEC's can be used in conjunction with various high-speed

photographic systems and pulsed light sources, including lasers.

7 If we introduce a delay between the moment of transmission of

the light "packet" generated by a pulsed laser and the moment of EOC

! opening, then, depending on the magnitude of the delay, segments of

space positioned at various distances from the recording system will

be photographed. The depth of the examined segments will be equal

to the distance travelled by the light during the exposure time.

_-- Since only certain segments are scanned, and objects located in

the foreground and background remain in darkness, such a recording

system is a _ort of "photographic radar" [186, 187].

• Reference [188] describes EOC application for photographing

phenomena taking place during hypersonic (6 - 9 km/sec) body impact

__ on a barrier, and [211, 212] repor_ on EOC application for photo-

graphing flying models.

The limitations in EOC use are associated with the presence of

geometric image distortions and the small dimensions of the photo-

cathodes and screens.

...

2O6
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§ _.i0. Pul_ed Rad.iography

The penetrating ability of v r....._- _j_ is the factor which determines

'- the application of pulsed radiography.
T

_ Photography in x-rays makes it possible (when using light-pro-

,_, tective screens) to record processes which are accompanied by strong

'_ • luminescence in the visible part of the spectrum. Such processes

._ include flying body collision with barriers, behavior of models and

_ sabots in the immediate vicinity of the barrel muzzle [7], and explo-

;_jii..... sive phenomena (explosives, fine wires under the action of large+,

• currents [190], and so on)." o

i2) _'

Pulsed radiography makes it possible to observe the form and /183

....... position of the projectile in the launcher barrel bore, and also to

k_' study unsteady processes (for example, fracture phenomena and shock

and detonation wave propagation) in media which are opaque in the

° optical wavelength band.

Obtaining a series of sequential x-ray photographs with simul-

taneous chronometry of the moments of photography makes it possible
[

'_ _. to determine the velocity and acceleration, and also to study the

_. variation in time of different phases of the observed process.

, . Simultaneous use of two x-ray tubes makes it possible to con-

_m, duct stereoscopic and orthogonal phutography [191].

When conducting studies using pulsed radiography, we take into

:. account three criteria: the size of the x-ray radiation source,

exposure duration, and thickness of the material though which the

x-radiatlon passes.

_--'. Pulsed radiographic studies of high-speed processes are made

either with the ald of a single, multlply-radiatlng x-ray tube or

: " with the aid of several x-ray tubes operating sequentially at glven

time intervals.

...... _- • I • ,, i _ .... i
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In the first case, it is necessary to u.'_ea hlgh-_peed clne

: camera. In ,;he second case, it is necessary to use a number of cas-

settes equal to the number of tubes, and spatial separation of the

_": images is achieved by suitable geometric positioning of the cassettes
• [192], similar to the situation in the spark "time magnifiers"

- (see § 3.8).

i The block diagram ef a pulsed radiography setup for studying

! high-speed processes using a single x-ray tube is shown in Figure 3.36.

DI ' D2 ' D3 m electromagnetic
pickups J

._-Base-_ _ \Cassette with

L'_ -_#_- 2___ film and ampli-

I C_¥on__ _a gnet"-"_n _e_lIIs ,Barrierfyingscreens
• _]graph II Recording _ode II

-- , w_.ndings [ \!_llJ

a- ray_llll!yAnt enna

_j - I tuoe._Syn I- I IHV "l/Pulsedl _ _hronog.
_chron-I Irecti-_volt. I _A

Lizer" l [fier JI__r_:_] I I
Figure 3.36. Block diagram of pulsed radiography setup

The system consists of the x-ray tube, cassettes with film and

intensi1°ying screens, pulsed voltage generator, synchronizing block,

and recording and measuring equipment.

The x-ray tube is a high-voltage vacuum (pressure in the enve-

lope less than lO -4 mm Hg) diode or triode capable of generating

x-ray pulses of short duration and high radiation intensity, which

makes it possible to obtain the required darkening of the film in

spite of the short exposure time [213]. For this purpose, short

current pulses reaching several thousand amperes, with voltage from

"" a few tens of kilovolts [193] ("soft" radiation) to several million

volts ("hard" radiation) are passed through the tube. The hich elec-

trical current density in the tube is provided by usllJg autocl,,c- /]_,i_

tronic cathode emission with subsequent devcl_pment of a plasmo

discharge.
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The construction of a demountable x-ray tube of the diode tyl)('

[192], operating at about i000 kV, is shown in Figure 3.37.

The plexiglass tube envelope ; l!

" 1 _s mounted on the metal base 2, I__

• to which a diffusion pump is con-

. 7 nected in order to create a high

* :.... vacuum in the envelope, since 7 _ 5 4 5

the demountable tube requires

• continuous evacuation. The tung- Figure 3.37. Demountable x-ray
o sten anode 4, mounted in the tube

' holder 5, is a needle with 4 - 5° 1 _ tube envelope; 2 _ metal

_' angle at the tip and 3 mm dia- base; 3 _ cathode; 4 _ anode;5 -- anode holder; 6 -- dia-
meter. The cathode 3 is a steel phragm; 7 -- regulator

._ ring, with its sharp edge facing

_,: the anode. The anode holder 5 is attached to a rubber diaphragm or

bellows 6, as a result of which the anode can be aligned with the

./[ tube axis by adjusting screws. The required distance between the /185

.., anode and cathode is established by the regulator 7.

_

: The tube generates x-radiation pulses which can penetrate lO -

15 mm of steel, and has quite sharp focus (diameter about 3 ram).

"o

Sealed type pulsed x-ray tubes, which do not require continuous

•_ evacuation, consist of similar basic elements.

Along with the drawback of requiring continuous evacuation, the

demountable x-ray tube has certain advantages: the possibility of

periodic cleaning and sharpening of the electrodes.

. _ Impact type generators or pulsed transformers are used to obtain

_ the high pulsed voltages which are applied to the tube.
i ,

In order to study the operation of the impact type pulsed

voltage generator, we tur,n to Figure 3.38, which shrews a _chcm_itlc

of the GIN-500 generator, specially d_signed f'or pulsed r _dlo_graplly.
-

209
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' i!;':" fIRo Kenotron

. Initiating CJ._CSIc_c_Ic (_].c_C_]c X-ray tube

T

==::._ Figure 3.38. Pulsed voltage generator

In the initial position, all the capacitors C (0.01 _F), con-
.......... nected in parallel, are charged from a high-voltage rectifier through

_ the kenotron and resistors R0 and R. Upon triggering of the thyra-

....._"_" tron SO, point 1 is at ground potential, and the voltage between

points 2 and 3 doubles, which leads to breakdown of the discharger

- S1 and, consequently, of $2, $3, and S4. As a result of this, capa-

_. citors C are connected in series, and a pulsed voltage exceeding the

" supply source voltage by five times is applied to the tuoe. The

.... pulse duration is determined by the effective capacitance and induc-

tance (_ 25 pH) of the discharge loop.

U "

...... Firing of the thyratron S O is accomplished by a pulse formed in

-_-:_.-- the synchronizer. The synchronizer (see § 3.3) also provides the ii

i- required delay of the signal coming from the model passage detector /186

D 3 (detectors of the electromagnetic type are shown in the schematic).
One of the circuits shown in Figure 3.26 can serve as the sync

output signal amplifier.

_ In those cases when it is necessary to synchronize the operation
of several tubes or transmit a series of signals to a single tube,

•7 we use multichannel synchronizers, similar to those described in

[17, 18], or artificial delay lines with different numbez' r_f elc_ment.s.

/i-_ When using] synchronizers which "_,
g__,_r'atc pul"_(,g with unc:_Jlbrated

time intervals b_tween pulse Jt is necessary to measure the time

v 210
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,: intervals between tube triggering times in order to det_rmlne the

rate of' development of the process being studied.

Since high-voltage discharges are accompanied by strong electro-

magnetic surges, on the one hand, we must take measures to prevent .

.... random equipment triggering and, on the other hand, we can use a

• chronograph with antenna input for measuring the time (chronograph I

__ in Figure 3.36).

L._! The detectors DI and D 2 (the detector D 3 can also play the role

. of D2) , located at a known distance from one another, and chronograph
o

: II make it possible to measure the projectile velocity prior to

impact with the barrier.

_ Considerable success has recently been achieved in creating

_ radiography systems generating pulses of duration less than i00 nsec

[194 - 199]. Specifically, [199] describes systems capable of gen_-

_. erating 20 nsec duration x-ray pulses using a diode type tube

.... (length 40 cm, diameter i0 cm) with conical tungsten anode, which

' provides an effective radiation source diameter of 5 mm. The x-ray

- radiation pulse intensity scatter is about 1%.

The impact generator used in the system is capable of generating

2-MW pulses, with current intensity 5000 A. Compactness of the
i.

,-- pulsed voltage generator and reduction of the interference caused by
F:

;.-_.- the generator are achieved by installing the generator in a hermeti-

_- cally sealed metal container. Freon-12 (pressure 2 arm) is used as

the insulator between the fiberglass generator case and the container.

The generator case is filled with nitrogen at 5 atm pressure in

•- order to reduce the spark gap inductance.
,,..

This system permits radiography of moving objects through 9 cm-

thick steel and 28 cm-thlck aluminum shields, with a distance of one

[ meter between the radiator and the object.

• 3 I]
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:_ The minimal exposure time provided by modern pulsed radiography /]._'[
a"

-. units is 3 nsec [195, lq6].

The characteristics of radiography units In which a t_Ingle tube

is used to obtain a series of pu!sez are presented in [193, 195,

" 200, 20]].

When using tubes which generate dense electron baams, it becomes
.-

possible to photograph fast-flying bodies and collision processes in

electron beams (betagraphy) [194, 196].

._,. Reference [196] reports obtaining high-contrast images (20-mi-

_ :. cron diameter particles are recorded with the aid of dense electron

" beams, 4000 A/cm 2, accelerated to an energy of 600 keY). The ex-

posure time is 3 nsec.

High speed phenomena can also be studied by photographing the

luminescence which arises when bombarding the object of observation

with fast electrons. Since the radiated light properties depend on

the object material, such photography can yield additional informa-

" tion.

•.. Of considerable interest is simultaneous photography in x-ray,

- electronic, and visible light beams [196].

The use of combined pulsed x-ray and television systems is very

promising for studying the collisions of bodies with barriers [214].

§ 3.11. Telemetry Methods
j_

External observations of the trajectories of bodies make it pos-

; sible to identify only their integral aerodynamic characteristics

(drag coefficient, lift coefficient, moment coefflcient, etc.). The

use of quantitative optical methods for determining the _,asdynam_c

. parameters on the surface and near models, in the general cas{:,

- (large angles of attack, nonaxisymmetric three-dlmenslonal bodies),

. - runs into major difficulties.

- 212
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- Because of this, telemetry methods are used to measure the'

pressure and temperature distr,ibutlon over the mode] " .'" ,_. le-

metry systems can also be used to measurn the axial and angular ae-
,,( ',

eeleratlons and, consequently, the forces and moments acting on the

bodies. Still another important advantage of certain radiotelemetry

:- methods, in comparison with the optical study methods, should be

_- noted: the possibility of continuous parameter recording during
e,

4 ,,

flight.
[.... :

. Effective use of telemetry encounters at least three obstacles:

high load factors, which lead to destruction of the telemetry equip-

merit during acceleration in the launchers; small calibers (about i0 /188

: mm) of the high-speed firing systems, which require miniaturization

_- of the telemetry components and impede transmitting antenna installa-

tion; and the limited ballistic range flight time, amounting to

o several milliseconds for ranges of "average" length, in connection

with which it is necessary to develop fast-response detectors andjm
o,, use equipment which provides fast data collection.

The telemetric research methods are now widely used, and we can

consider that the ways to overcome the basic difficulties in their

- realization have been found. The conduct of telemetry measurements

_. is becoming an inseparable part of the total ballistic research

_- program, the absence of which would lead to loss of an important
0,%.

: fraction of the information obtained.

[ '_/_"" The following telemetry utilization fields are particularly

useful. ,:

Of considerable interest are telemetric pressure measurements

.... [7, 202] -- specifically, base pressure [203] and press are near the

_ • flow separation points, study of which in wind tunnels is compli-

cated by interference between the model and its support.

o-.. The telemetry measurement methods are called on to play an im-

portant role in studying unsteady aerodynamic phenomena, study of

which requires continuous parameter recording.

• I I I II I
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The use of tclemotr,y mc:asurelaent methods Js a].,,]o advisable when,/

._._i studying transonle flow around bodies, since In this ease tile load

factors during m,,del acceleration are low and the problem of' reeow:.,r-

l. lng and protecting the models is easily solved, which makes ]_t pos-
sible to use multielement radioeleetronlcs.L,

Telemetry can also yield extremely useful information on rate- !
r of-rotation model vibration frequency and amplitude [202, 204], and j

i consequently on dynamic stability over a wide velocity range, i

Telemetry measurements of the model surface temperature make it
i possible to obtain thermal flux and boundary layer data, which are

[- particularly valuable in the hypersonic speed range. The most im-

P; portant study areas are the stagnation point region [ii, 202, 204 -i

207] and the model base region [203].

Using suitable detectors (for example, phototransistors or lead-

sulfide radiation receivers), with the aid of telemetry systems we

can record the intensity of the radiation reaching the model and, /189

_/ using detectors analogous to the dual probe, we can measure the
b

ionization at the model surface [204, 206].

Modern telemetry systems can be arbitrarily divided into radio-

telemetry (multielement systems) and single-channel systems.

Analysis and systemization of the ballistic telemetry system

construction principles are presented in [208].

Radiotelemetry systems can provide for information transmission

over long distances, practically regardless of model spatial orienta-

tion relative to the receiving antenna, and in the general ease per-

mit simultaneous measurement of several parameters.

!

The large load factors experienced in the acceleration process,

reaching several thousand g, have required radio e.omponent ,,elcctlm

.. and ruggedizatlon, and the use of printed circuits, fhe technology

for transistor ruggedizat:lon is presented in [7], and reduces

: 214
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basically to first potting the elements with acrylic re_in (to pr,e-

' vent deterioration of the frequency eharacteri_tlcs), and then w:ith

epoxy resin with various f_llers, whlch are capable off prov]dlnl_

plasticity and hardness. Procedures for silicon coating of tran_is-

'- tors are discussed in [205]

Measurement result transmission is accomplished basically by

frequency modulation, since in this case variation of the received

signal magnitude does not affect the measurement accuracy. Frequency

_ modulation is accomplished by varying the capacitance or inductance

of the transmitter circuit. Pickups of "capacitive" or "inductive"

_ types can serve (completely or partially) as the transmitter.i

• The transmitter carrier frequency is selected in the range from

i-_I 50 MHz to several hundred MHz. Increase of the frequency is useful

from the viewpoint of increasing the radiating antenna efficiency.

Figure 3.39 shows a schematic Sensor

of a transducer-transmitter [7, I:_ --_-_'I

203]_ consisting..of a Hartley oscil- n-_ _

tooceee
i). transducer connected directly into

the carrier frequency circuit. I_t. -

o_ The inadequate stability of ::_pF

_ such signal generators, due to the ./1_ _
_ ..

-' influence of load factors on the Thermistor

assembly and the electronic com- Figure 3.39. Schematic of
_ radiotelemetry transmitter

ponents, has led to the use of more

complex measuring and transmitting

"" device configurations. The use of two oscillators was proposed in

[204, 205]: carrier and subcarrier frequency osc_llators. The first

serves a_ the radio transmitter, and the second serves as a fre-

quency-modulated transducer, which controls the carrier-frequency

oscillator.

215

...., i i I il | I

O0000003-TSB14



! Alternating transmission of a reference siena], and the measured
signal has been suggested [204, 205] for monitoring drift of the

subcarrier frequency. Such a system, in which periodic calibration /]90

is performed, can _mprove measurement accuracy significantly.

The capacitive transducers used to measure pressure at th_ '.'_,ag-

n,_tion point [7] and in the base region [203] are miniature conden-

sers, one plate of which is a thin elastic membrane which deflects

under the action of the pressure and thus alters the condenser capa-

citance.

lil Most of the transducers used for measuring temperature [203 -206] are based on variation of the active resistance under the influ-

_.!.i_ ence of the temperature. Transducers operating on the thermocouple

principle are also encountered [203].

The difficulty in creating temperature transducers lies in the

necessity for simultaneous satisfaction of such requirements as low

inertia and strength. "Resistance" transducers are made by applying

to glass very thin (about 0.i micron [205]) platinum films, which

5 are subsequently peeled off to form flat 2 - 4 k_ resistors. The

- quite high transducer output impedance makes them suitable for use

. in semiconductor circuits.

j

Wires stretched along the ballistic range, or a series c other

antenna devices _ for example, of the quarter-wave dipole _,ype in-

_. stalled sequentially, can s_rve as the receiving antennas.

) An example of successful radiotelemetry application is the

study [7], in which stagnation point pressure measurement accuracy

• of 4 - 15% was achieved on 40 mm-diameter models at 400 - 500 m/sec

flight speeds.

The radiotelemetry system, consisting of an accelerometer, h_gh

input impedance amplifier, and a radio transmitter, and also angle-

of-attack telemetry measurement results are presented in [204]. The
T

experiments were conducted with three 25.4-mm-diameter models at
<

- 216
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[' atmospheric pressure and speeds to 1580 m/nee. CompaPison of' the

'," telemetry measurement data and yaw diagram measurements showed that
[, they agree satisfactorily with one another, even wits low magnitude /19__,_

of the received signal.

il 2..

, The desire to locate telemetry on small-caliber models capable

of withstanding the high load factors developed during model accel-

eration in gasdynamic guns has led to the develop_Jent of miniaturized

" telemetry systems []i, 202, 207]. Other Important advantages of

these systems are the extreme simplicity of construction and low cost.

Several principles can be used as the basi_ for constructing
f

miniaturized telemetry systems (Figure 3.40, a and b).

= Figure 3.40b shows the

_ schematic of a model [207] Duraluminum
with built-in LC loop (8 MHz) _ _ .Copper

and temperature sensor in Boron nltrlde

, _5, _Hot Junction
•. the form of an active re- ._Constantan rod

• sistance R, which determines _Cold Junction

_ the circuit attenuation. Insulation uo_ oe_ Coil
• a

_" The circuit is excited by a Coil (L)_Capacitor (C)

.- short resonant-frequency -- J

I___Resistor (R)

! pulse at the moment the coil |__"_ (Temperature

passesanantenna.Theos- se. sor>
!_ cillations taking place in b

the circuit are reccrded by Figure 3.40. Constructions of.
_ " the receiving antenna located miniaturized telemetry systems: a)
., system using thermoelectric current;

"downstream". Measurement of b) system with impact excitation
- loop

the signal decay with time

makes It possible to determine

.... the sensor resistance and, consequently, the surface temperature.

_ Direct coupling between the circuit and the receiving antenna is

eliminated by shielding and suitable positioning of their coils.

, - Depending on the number of points at which it is necessary to meas-

ure the temperature, the required number of excitation and recording
|
..... antennas are positioned along the ballistic range.

]
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In addition to simplicity, another advantage of this telemetry /192

system is the absence of need for a power supply.

.... The drawbacks of this telemetry system lie in the discrete

nature of the information received; the low radiated signal power,

- which is limited by the time during which the transmitting circuit

_ is excited; and measurement accuracy dependence on model spatial

orientation in flight.

-;'_' Reference [202] proposes that the mutual-lnduction effect be-

!_ ' tween two circuits tuned to the same frequency, one of which is

located in the model while the other is the loading circuit of the

receiving-recording system, be used for measurement of velocity,

angle of attack, pressure, and temperature.

_ As the model travels inside the receiving-recording system cir-

_ cult coil, inductive coupling leads to considerable recording circuit

' impedance increase. Using the scheme shown in Figure 3.41, the im-

/_•- pedance change can be re-
corded on an oscillograph

/ which records the enve- [_]___£..'_ _--J i_'_'""_"_I
_ . lope of the RF signals, e _ _..... J I
,_ Secondary ,'-_LLLq ..

J
.+2_V

: circuit_-_.... The resonant fre-

:_-.-:.' Gener-] _ a_(_E)z_] _ Oscil
_@ • quency of the circuits is ator _--_'_/ I I - logr.

_: selected in the i - 5 MHz [

range, since in this case, _ ......
_:._. on the one hand, it is _

_;:_.... easy to create the long _-_" _ _-_m,V

i"i" receiving-recording sys-

_:'_ tem circuit coils and, on Figure 3.41. Miniaturized telemetry
:_ the other hand, it is system utilizing the mutual inductioneffect

possible to fabricate cir-

:_ cuits of quite small dimen-
sions which can be installed in the 12.7 _ diameter models.

• _:-,: ::

._- " _18
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- The marked change of the signal amplitude in the recelvlng-

recording circuit coll at the moment the model enters and leaves the

coil can be used to calculate the velocity. The magnitude of the

signal recorded while the model is in the coll is determined only by

the angular orientation of the model, and is independent of the model

velocity and location relative to the coil.

This technique was tested on 12.7 mm-diameter models weighing

2.5 grams at accelerations exceeding 2 • 105 g, and maximal flight

speeds or 2250 m/sec.

Reference [ii] described a miniaturized telemetry system which

was used to measure thermal fluxes during flight of models with hemi-

spherical noses in air and CO 2 at velocities to 5500 m/sec. The

shape, construction, and dimensions of the models used are shown in

Figure 3.40a.

The system operating principle is as follows. As a result of

heating of the copper layer at the stangation point, a current appears

in the thermocouple circuit, and as this current flows in the four-

turn solenoid, it creases a magnetic field. Since the temperature of

the cold layer located within the model can be considered constant

because of thermal inertia, the resulting magnetic field intensity

is proportional to the stagnation point temperature.

The model magnetic field is recorded oscillographically by

means of a series of pickup coils through which the model travels,

and in general form we can consider that the ma×Imal induced emf

appearing in the coil is proportional to the product of the model

velocity by the stagnation point temperature. Thus, using the velo-

I city values from the measured emf values, we can calculate the tem-

perature change and, consequently, the thermal fluxes (see § 5.8).

I Measurement accuracy close to 20% is achieved.

iiii I I
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I

A drawback of' this telemetry system is the received sif_nal de-

pendence on model orientation and velocity, which leads to addi-

':" tional errors.

._. The general drawbacks, characteristic of miniaturized telemetry

(' systems, lie in the discrete nature of the information obtained, the

single-channel nature of the system, and the influence of the plasma

surrounding the model on the interaction between the magnetic fields

r. of the model and of the receiving and recording system coils.

_ (�....,.
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." CHAPTER IV

...... DYNAMICS OF SOLID MEDIA

: § 4.1. Preliminary Remarks

....,: The successes in the development of methods for imparting high /194

_.. velocities to solid bodies of given form and the successes in devel-

oping methods and apparatus intended for studying impulsive and high-

speed processes hay: led to obtaining significant new results in

various fields of experimental physics. Specifically, the applica-

- tion of these methods and apparatus have made it possible to obtain

- in the course of the last 15 - 20 years results of fundamental im-

°_ portance in numerous studies devoted to the solution of several

_" questions of solid media dynamics. The basic trends in studies in

this field include, first, study of the compressibility of solid

substances under pressures on the order of hundreds of thousands and

millions of atmospheres [i - 27], second, study of the nature of the

shaped charge effect m primarily in application to profiling lined

_. charges [27 - 36], and, third, study of the mechanism of the colli-

sio_. of solid bodies, particularly at high encounter speeds [37 - 92].

- While the results of studies _n the first two of these dlrec-

- tions have already been well systematized [24 - 29], the correlation

of the results of studies In the third dlrectlon reauces to d_tc to
i "

surveys of a fragmentary nature [41, 53, 59, 64, 66]. The rc,ason

•_ r3
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• for this situation apparent ].y lies in the fact that the numerous

_ " studies In the third direction have generally been performed in

i" application to limited and specific impact condition variation Intcr-

,i _ vals. Depending Jn the specific objectives of the individual studies,

i the object of study in each investigation was some particular mate-

i:" rial, frequently even of different physical nature•

In this connection, in the present chapter we have made an at-

tempt to present systematically the results of only those investiga-

tions devoted to the physical aspects of the collision of deformable

(primarily metallic) bodies.

The three research directions noted above naturally have not /195

developed and are not developing in isolation from one another. They

are intimately related and supplement and nourish one another.

The_:eore, in presenting and discussing the basic results of deform-

able body impact studies, wc must inevitably turn to some results

from the other two directions, as we shall do in the following.

The problem of deformable body collision, Just as any other

physical problem, has relatively simple solution in certain asymp-

totic cases. One such case is that of nondeformable body penetration

into a massive ("semi-infinite") deformable target. A very large

number of studies [37 - 41, 53] have been made of this solid body

collision case. However, physically precise results have been ob-

tained only in comparatively recent studies [42]*.

Another asymptotic case of the subject problem is that of high-

velocity penetration of a long deformable rod into a massive deform-

able target. Some results in application to this asymptotic case

x. are presented in § 4.3, in discussing the current model of the h]ch-

velocity deformable body interaction process.

,
A dlscuss]on of these results is presented in § 4.2, which wa_

written together with ,_Je of the author_ of [42], V. _. 7t.,I,_Joy( br • •

22 2
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Section 4.4 iu devoted to anal_sis of' the d_namic interactJor_

• of deformable bodies in the most general fo_,mu]at]or_ possible _I, I,_c

o present time. The analysls rests on the dimensional analysis, arid

makes it possible to conclude that the deformable body collislon pro-

cess is well modeled. This means that the result of the collision

• of two bodies with high encounter velocities can be reproduced ex-

• perimentally with another properly selected pair of bodies collidin_

at significantly lower velocity. A description and discussion of

experimental data confirming this theoretical conclusion are pre-

sented in sections 4.5 and 4.6.
i

' Later, in § 4.7, we examine the thermal phenomena which arise

during the collision of solid bodies. Starting from the essential

difference in the processes of dynamic interaction of bodies in the I

_ steady and unsteady state regimes, we refine the definition of the

so-called "threshold" encounter velocities, i.e., those velocities

upon exceeding which the collision process is complicated by melting

and vaporization of the materials of the interacting bodies. Theo-

retical and experimental estimates are made of the influence of the

- thermal effects on the final result of high-speed interaction of
o

metallic bodies.

-. Finally, § 4.8 is devoted to the destruction of massive bodies /196

.. and bodies of limited dimensions under the action of a short-term

pulse ("short" impact). The discussion of the experimental data

- rests on a physical model, which explains the observed effects by

,_ wave phenomena. The exposition terminates with examination of' the

• problem of target protection (significant reduction of the damage

. parameters) with the a_d of" a thin shield which the impacting body

encounters prior to striking the target.

• § 4.2. Nondeformable Body Penetration Imto

• Plastic (Metal) ]ta].fsl_ace

.,- im any dynamic problem, t.tlc ba_tc qucsti(_r_ is tht.t oI' th,' f,_,,:,r,_:

which det_:I'mimc tht_ mut[,JrL. I_ 1,ht,,_ub,]c:,ctus_ml,totic d,tf_ol'r:l:_bl,•

' " " I I I • I
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body collision ca_;e, the que_tlorl of' the i'oree_ of resJ;_tance to

penetration is basic.

The process of penetration of anondeformable axisymmetric body

of given shape and mass into a metal target has been studied in order

to solve this problem for impact velocities V 0 = 10 2 - 10 3 m/see

• [42]. Body encounter took place under conditions of impact along the

,_i, normal. In order to exclude the influence of edge effects on the
• - "'"6

' " measurement results, massive blocks were used as the targets. These

_:_ blocks were made from technically pure (ARMCO) iron, duraluminum,

_:_/[i_i copper, aluminum, and lead. The impacting bodies ("strikers"), with

ii._ • cylindrical part diameter d0_8 mm, were made from high carbon steel,

I:..A.L: heat treated to Rockwell (C scale) hardness 60 - 62. The striker
_ _ noses were made in the form of cones with different apex angles _.

• The strikers were accelerated by a powder-driven launcher.

The kinematic method was used to determine the forces of re-

sistance to striker penetration. Specifically, the position of the

striker trailing edge, relative to a stationary reference at various

moments of _ime, was determined from high-speed photography data

: _ (Figure 4.1), and a curve of "striker travel L in the target versus
time t" was plotted. Double differentiation of the curve made it

possible to obtain the

-_ dependence of the pene-

_._" : tration resistance

_ force P = (where

:._ m -- striker mass), or

_- the average pressure a b c d e f

;, _._,
i _= _ (where S_--

• < Figure 4.1. Time-sequential pho '_ographs
_ _ cross section area of of rigid striker (m = 13 g) with conical

cylindrical part of nose (a - 9r}° ) penetrating a massive
copper target with encounter veloc]t.v

." the striker, coincid- V 0 = 740 m/see: a) 7 l_sec before encoun-

ing with the base area ter; b) moment oF cnc_,_unt_:r;_) 7; d) 13;
of the striker conical e) 20; and F) 27 Usec _i'ter cllcounter ,:,F

• tli_: b_,li_.'.s [42]
• nose) on the time t

i_ 4

• " ........ I --_
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i ./.

[
p o _

I
!

[ ,_..... (or the distance L or the inatantane-

i ous velocity V dL e r =. c

i!I "')" I ._ The experimental relations es- _H,_r_ /197

! • tablished in the studies are shown _._,=_-_, , ........11

,_l = schematically in Figure 4.2, and "/,j_'_"

reduce to the following, i 1 ....

i v' _r .--.-vi _ cr

! (a) The resistance to striker! Figure 4.2. Schematic
_ :

curves of penetration re-

_ penetration into the surface (L_::_ sistance p of rigid strik-

_ ....... d O) layers of the semi-infinite metal ers with different conical_ nose apex angles a into
i target (curves i, Figure 4.2) for any surface (i) and deep (2)
i _ layers of massive metal
i :- velocities V in the range covered by target, and curves of final

....

_ the experiments, and into the deep diameter d of the cavityC

(L > 2d 0) layers (curves 2, Figure created in the target by" these strikers versus en-

i .... 4.2) for velocities V > Vcr, is de- counter velocity V| _
Jo.,
E

... fined by the relation:
_ :
E

[ p _ H I + _,,,V', (4. i )

where H1 _ target metal dynamic hardness, which is measured for

_ penetration velocities of order of i0 - I00 m/sec [42 - 46], and the /198

[ _ value of which depends weakly on the conical indenter apex angle [42];

POI _ target metal density; and _0 _ drag coefficient (form coeffi-

cient) of the striker nose, calculated following Newton, i.e., assum-

ing that the target particles do not interact with one another, and

therefore their velocity change takes place right at the striker

,_ nose surface [42, 47, 48]. As is well known [38, 47], for a cone in

.... axial flow and having the apex angle a, the Newtonian drag coefficient

......... can be calculated from the formula:

_ =smsy. (4.2)

_ As for the resistance to penetration into the deep (L > 2d O)

layers of the massive metal target for velocities V < Vc_r, this

E ............
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resistance In the first approximation is indcper_dent of the ztr,lkcP

_'_ conical nose apex angle, and also of the penetration veloe.lty, and

_ .: is defined by the equality:

"'" P_'_ ItI'I- H_' (4.3)

" where HB _ "static" hardness of the target metal, measured using

the Brinnell method.

"7

(b) The work b of unit target metal volume displacement, de-

i', fined by the ratio of the striker initial energy mV2/2 to the final
! " ..

cavity volume Wc, for L > 2d 0 is independent of the impact velocity

V0, and also of the striker nose shape, and obeys the relation:

_ b'_ll]-4-Hn. (4.4)

(c) In the deep (L > 2d 0) layers of the metal target for pene-

_-- tration velocities V _> Vcr , the final diameter d c of that cavity

cross section which the striker passes with the velocity V is defined

; by the expression:

..:_ d c - do (4.5)

_,: where p and b are given by (4.1) and (4.4).

y

_. For velocities V < Vcr the cavitj diameter d is independent; _,: -- ' C

• of the striker conical nose apex angle, and also of the penetration

.. velocity, and is equal to the striker diameter dO .

(d) The critical velocity Vcr is found from the relation:

I.,V,_ (Lt 6)'- Vc r \'_@oz/ " "

_ Table 4.1 presents some basic characteristi_'s of the metals

used in the experiments, and also compare:; the reslstunc,_, coeffl-

. cients KO, critical velocities Vcr , and specific works b of w_lume /['I)lj

2_6
{
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:_'',_ : dlsp],aeement obtalned under various :Lmpaet conditions w:Itli the r,r,-
_;_,.

i " suits of ealeulatJ_on of the_e parameter,___ usJn[z (/4.2), (4 4), and (4.6).
As an example, ]figures 4.3 - 4.6 show some typical experlmc, nta]

curves and an axial section of a typical cavity.

%.,0[--,....,500 }......... -_ ...... /

200 f_ ,. _". •

s p

. _ _ _ I .. J5 _ .... .1,_----._.

0 2_0 _,00 _0 ;_O v,.m/sec 0 ,'.,_,7 mo mr/ ma; _;_o V,m/sec

Figure 4.3. Penetration resist- Figure 4.4. Penetration resist-

ance p of rigid striker with ance p of rigid strikers with
: conical nose (_ = 60 ° ) into su:'- different conical nose apex

:. face (i) and deep (2) layers of angles e entering massive lead

massive copper target, and final target versus penetration velo-

diameter d of the cavity cre- city V: 1 -- _ = 180°; 2 --
I. C

ated by the striker in the tar- e = 90°; 3 -- a = 60°; 4 --
get versus penetration velo- e= 37° [42]

city V

O4

Turning to analysis of the,_e _ -'. " "

:" experimental results, we note
; o_ ; ,.,_

that previously, starting from 20_i

_- general consideration on the

possible nature of deformable _o0 ....._-- ..... '

medium resistance to penetration ..... --'"

into it of a rigid body, various

forms of penetration resistance 0 _o _,m,, ,'_,i;v_,m/see

dependence on the velocity were
Figure. 4.5. Speclf]c work b of

proposed _ specifically, rela- volume dlsplacement for different

, tions of the form A + BV, A + CV 2 impact velocities Vo for technically
pure iron (i), duraluminum (2),

and A + BV + CV 2, where A, B, and copper (3), aluml.num (4), a_d
lead (5).

C are constants [38]. The

, ...... II "--III
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..... fundamental results of the cited studlcs are:

- first, experimental proof that this depend.-

" onec has the form A + CV 2 and, second, re-

: velation of the physical meaning of the con-

stants A and C.
v

It follows from (4.1) that the change

of' the deformable medium resistance to motion

i of a rigid body in the medium, at lea_t for

velocities above the critical value, is pro-

:. portional to the product p0_, i.e., it is .

-_., i determined by forces of hydrodynamic origin. Figure 4.6. Sec-
tion of cavity cre-

_' But, in contrast with the fluid media, which.,_:_ ated in massive

if we neglect the viscous forces -- ex- copper target by
rigid striker (m =

_' hibit only inertial resistance, the overall ii g) with conical
deformable solid media resistance is made up nose (_ = 90 ° ) for

_: impact velocity

.... from the intrinsic resistance te deformation V 0 = 710 m/sec
(HI), reflecting the forces of the bonds in

the body, and from the inertial resistance (_0_0Y_).

. Generally speaking, the intrinsic resistance of a solid medium

• to penetration, excressed by the dynamic hardness HI, should not be

• constant. However, at temperatures close to room temperature for

mos_ metals and alloys (iron and iron-base alloys, aluminum and alu-

" minum-base alloys, _opper, and many others), this resistance varies

_.. with the velocity as V 0"02-0"04 [43 - 45, 49]. It is obvious that,
J

in the velocity range covered by the experiments (and, particularly

for velocities above the critical value), this weak variation with

- velocity of the first term of the binomial (4.1) can be neglected in

"" comparison with the variation of the second term, and we can consider

:, the first term constant and equal to the hardness measured for ,m-

pact velocities of the order of i0 - i00 m/see [42 - 46].

: The experimental studies of solid body motion in liquid and

-_" gaseous media indicate that for subsonic veloc_tles, the drag coef-

ficients differ significantly from their theoret_ca] Ncwton-larl
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_ value_ [47, 48]. Therefore, the good agreement of the experimental

•- values of' the drag coefficients found in the cited studies with their /202
calculated Newtonian values is at first glance unexpected and ,_eems

to contradict the known facts.

However, this contradiction is only apparent. The reason is

: that thc flow around the rear portions of the rigid bodies, which is

: not taken into consideration in the Newton theoretical scheme, plays

a major role during solid body motion Zn liquid and gaseous media

: [47]. However, during motion of rigid bodies in a metallic medium,

in complete agreement with the Newton scheme, the shape of the aft

,. portions of the moving bodies cannot play any role, since open

cavities are formed in the metal.

The Newton scheme also assumes that the particles of the medium

_- alter their velocity right at the surface of the immersed body. For

_ supersonic velocities, this assumption for liquid and gaseous media

is very far from the actual velocity distribution in the flow [47,

_i 48]. However, in a metallic medium, large deformations are localized

,_i near the point of loading [26, 40, 50, 51] Therefore, the flow in/',
....i

a metallic medium will approach the requirements of the Newton com-

_ . putational scheme.

These characteristics of the metallic media, and also the im-

portant circumstance that the process of rigid striker penetration

" into a deformable medium over the major part of the striker travel

in the medium can be assumed to be close to steady state, have appar-

: ently led to the quite good agreement of the experimentally deter-

if" mined resistance coefficients with their Newtonian values. It is

obvious that the degree of agreement, generally speaking, will depend

on the degree to which the form of the surface bounding the zone of

large target metal deformations reproduces the striker nose shape.
|. From this viewpoint, we would expect that the agreement between the

_ experimental and calculated values of the resistance coefficient
K 0

_ would be best for "moderate" (60 ° - 90 ° ) striker conical nose apex
_b

_ . angles, while for "blunt" strikers, the experimental values of <0

I III II
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'_ would be les_ than the calculated values, and, conversely, higher

..... for "sharp" strikers. The experimental data in Table 4.1 do indeed

exhibit this tendency.

®: This is the interpretation of the primary result of the con- /203

: ducted studies, expressed by the Relation (4.1).

r,. The interpretation of the results expressed in (4.3) and (4.4)

is more complex. Physically clear and simple models which can be

_ used to interpret these relations have not yet been obtained.

As for (4.5), this formula can be obtained if the striker energy

loss along the distance AL (i.e., the work performed by the str_ker

along this path element) is equated to the energy required to create

the corresponding cavity volume element:

" "_ --bi_._,.._L (4.7)
l"] 'mL - 4 •

• In spite of the difficulty in interpreting (4.3) and (4.4), it

_ is possible to give a comparatively simple explanation of the meaning
o

of critical velocity, if we make use of the deformation criterion,
:@br,_

rather than the force criterion for this purpose.
4"

In accordance with the schematic relations of Figure 4.2, the

critical velocity is that value upon exceeding which the final cavity

diameter dc will be greater than the diameter d O of the cylindrical

_ _ part of the striker (or, what is the same, greater than the striker

conical nose base diameter). But, broadening of the cavity in a

" given section perpendicular to its axis __s possible only through

- that kinetic energy which the corresponding target metal volumes ac-

quire as the striker passes this section. It is obvious that the

• maximal pressure developed with realization of this kinetic energy

- will be equal to the inertial component of the penetration resistance i

•" _ _ur_,_'2. It is also obvious that the final cavity diameter d c can be _i

, • greater' than the striker diameter d o if, and only if, the pressure

- "_;., exceeds the characteristic value of the target metal resistance ,

231o
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to deformation. Since cavity broadening must take place with decay
_ ' of the deformation velocity to zero, considering the nature of the

stress state around the cavity, it is logical to take as this char-

acteristic val_le of target metal resistance to deformation the

_ " "static" hardness n for example, the Brinnell hardness HB. It is

_ i easy to see that (4.6) is a direct consequence of the approximate

i equality : v2 _ H_ (4.8)
_ _ ._ _07,1 cr

"2

_,_?_ These relations governing nondeformable solid body penetration

i_ •_• into a massive metal target make it possible to calculate from the

_ basic experimental parameters _he final cavity dimensions and, spe-

cifically, its final depth L,,.q

_ The equation of motion of a nondeformable striker in a metallic /204,2: ,.

medium can be written in the form:

...._ dV (4 Q)
.. m_ = --S. p, • "

_4 where S n projection of contact surface of the interacting bodies

_,.,,__ on the plane perpendicular to the striker axis, and p _ pressure on

_• the striker nose, defined by (4.1).
.i_.L._
Z,tT_

_ " If we write (4.9) in the form:

,,,,"" =-s. p, (4.1o)
the variables are easily separated.

:-_:: In the general case, the integration with respect to the velo-

.city V should be broken down into three intervals:

"_..... (a) the interval corresponding to striker penetration with

" ....... velocities V 0 __ V __ Vn, where Vn ts the striker penetration velocity

at the instant of its immersion into the target to the height of'
/

• the nose ;

;Z ,
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(b) the interval corresponding to _]triker perletratlon with

_._" velocities Vn => V => Vcr' and, finally,

° (c) the interval corresponding to striker penetration with
i.

velocities Vcr > V > O.

_ Integration leads to the formula:

m,, Lc _ \ *o ] ,-_o_a_ -- -_- + In .... _ . ( 4. ll )

--_"i. In the simplest case, when a striker made from a material with

density P02 has the form of a circular cylinder, and when the impact

_.. velocity V 0 is considerably greater than Vcr , which makes it possible

•" to consider the distance traceled by the striker with V < V small"" -- cr
]

_)," in comparison with the final cavity depth Lc, integration of (4.10)

. yeilds _he approximate formula:

: I _"--!_hi 1+_o-7_1- / (4 12)Lc _'_ l° _ _u_ "

where _0 _ striker length.

-_" Figure 4.7 gives the calculated

values of L c compared with the values _'_ 05_

.... of the same _arameter obtained in ex- o

=_e. periments encompassing a wide range of

changes in the collision velocity, the _

physico-mechanical characteristics of

the target metals, the masses and angles __ _ _.....
_. 0 ZJ 5O 75

of the striker points. The data in Lc calc' mm

Figure 4.7 point to the good agreement Figure 4.7. Comparison
between the quantities compared and of experimental and cal-

culated values of cavity
consequently, confirm the validity depths, created in var_-

•" of the relations obtained, ous massive metal targets
:" by rigid strikers wl_ose
" geometric parameters,

_. mass, and velocity varlcd
•. in wide limits

......................_.,,".......7""... "................._':-:
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° Formulas (4.11) and (4.12) were derived for. strikers with conl-

-. cal nose. The position of the line of separation of the target

- material from the surface of such a striker is independent of the

_> penetration velocity, and always coincides with the base contour of /205
-='i'"

" the conical striker nose. However, if the undeformable striker nose

has a convex curvilinear generator -- for example, if the nose is .|

Ihemispherical, then the calculation of the final cavity depth in-

evitably becomes more complex. In order to obtain formulas analogous

_ to (4.11) and (4.12) for this body collision case, it is necessary to

establish the law of displacement of the forementioned line of sepa-

• ration with variation of the penetration velocity. Unfortunately,

_ this law has not yet been established for solid media, and ;he problem

_ is usually solved empirically for the specific collision conditions

' (see, for example, [52]).

Thus, in the studies examined in the present section, some

=-_. • physical and mechanical relations, which the undeformable body motion

• process in a metallic medium obeys, are revealed. With the aid of

these relations, we can calculate the final depth of the cavity

formed in a massive metal target during impact on the target of an

!. undeformable axisymmetric body with conical nose. The good agreement

- of the calculations results with the experimental data makes it pos-
I!'

- sible to state that the parameters defining the process of massive

target metal deformation during undeformable body impact on the

:- target are the strength and density of the target metal, the impact li
°: velocity of the colliding bodies, the rigid striker nose shape and I_

mass, which in turn can be expressed in term of striker density and |!
cha_ecteristic dimensions, o!

. § 4.3. Qualitative Analysis of the Cavity Formation

Process durin_ High-Veloclty Impact of Deformable

Bodies

The preceding section wa._ devoted to questions associated with

= motion in a solid plastic medium of a field body, l.e., a body who_e

.. deformations in t_e process of inter'ac.,ion with the medium arc

,f 234

............... l I II II -
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negligibly small in comparison with its initJal dlmennlonz, fl_ncc
2

,_m.: the resistance of the medium to a body traveling in it is d_rcctly
.-

_.i_,.- proportional to the square of the velocity, such a process can be /206

...._" realized only for comparatively low subsonic velocities. When the

.... velocity of encounter of the bodies exceeds some value which is char-
,..

,_/_ acteristic for each given pair of bodies, both interacting bodies

/_;'_ will deform. Unfortunately, an analytic solution which permits

i_" making the required estimates of the process parameters has not yet

i!: been obtained for the problem in this most general formulation. Onlyfor high impact velocities _ tbose for which the material strength

_'Z of the interacting bodies is negligibly small in comparison with the

.... . inertial component of the resistance to penetration _ has a quali-

tative model of cavity formation in a massive ("semi-infinite")

target been proposed, on the basis of the latest theoretical and

':......: experimental study [66]. In accordance with this model, the cavity

=_ formation process can be divided into

four stases (Figure 4.8).

,__ .. p| Stages

The first sta_e _ interaction _.,41_, ........
._ of the bodies in the unsteady regime

• \covers some small time interval -.)-£,,,.......

In this stage, there will act ,_

'I --'\""-
_[[" in the striker and target contact 1

6 /._.!.(._ i
' zone pressures p, corresponding to .... •............................................-_.........................................

,_ - collision of bodies without their
Figure 4.8. Model cavity

flow [24, 25]: formation in massive de-
formable target with high
velocity impact of deform-

_-- I'_ ;',,,/4 / ' ,, (4.13) able striker

where P01 _ density of target mate-

-Z=_-': rial at normal pressure, and D I and U I _ wave and mass velocities,

" characterizing the shock wav_. which arises in the target as the

.... bodies meet.
6

v ,

With stlik_r'e and target interaction in the unst_-_dy rcglm,:, the

body contact surface displacement velocity V l colncidc:_ with tho

,

............. ,_:__.uz_._ "
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" mass velocity U I [24]. Considering thi_, and u_Ing the known rela-

tions of shock wave theory [25], from the cond:|tion of equality of

the pressures in the col]Idlng bodies on both slde_ of the contact

surface, we can obtain [27, 70, 71]:

V i I

(4.14)

where V0 _ impact velocity, Pl _ target material density behind /207

the shock wave front, and P02 and P2 _ densities of the striker

material in the undisturbed state and behind the front of the shock

wave which arises in the striker as the bodies meet.

Formulas (4.13) and (4.14) make it possible to evaluate both

the pressure p and the penetration velocity VI, characterizing the

first stage of the interaction process. For this, it is necessary

_: to know the impact velocity V 0 and h_ve the shock adiabats of the

materials of the colliding bodies.

Shock .ave propagation in the striker and target is accompanied

by propagation of unloading waves, which arise on the free surfaces

of the interacting bodies. Therefore_ transverse flow will take

place over the entire contact surface in both bodies after a time

interval of the order of:

_, (4.15)

where d o _ initial striker diameter, and a _ smaller of the sound

speeds ir_ the target and striker materials. As a result, the pres-

sures in the contact zone of the interacting bodies will decrease

to the level corresponding to hydrodynamic flow of the two media

in the steady state reglme. The first stage terminates at this poir_t.

_ It is obvious that the distance L I traveled by the strlkcr i_L

" ,t_ by thethe target in the course o[ the f_r:3t _tag,_ ]:3 dL _Prrl_rled

product Vlt I.

........ "............................ i" "_Ilal _ III IIIIII I I I l I 1
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. This analysis makes It possible to conclude that the t._rF,<'t

......... deformation (depth of striker penetration into th__.target) In the,

first stage is determined by the impact veloelty, In_tlal str'ik_'r

diameter, densities, a.nd compressibility characteristics (1..e., :_hock

: adiabat parameters ) of the materials of the interact.lng bodies.

: The second stage --- interaction of the bodies in the steady

,,: state regime _ covers the time interval t 2 from beginning of inter-

action of the bodies in the steady state regime until the moment of

- complete "depletion" of the striker. In this stage, pressures of

-: the order of:

i _p_ _p0,1=, (4 16)

!
will act in the contact zone of the bodies, where V 2 _ velocity of i

ii the contact surface of the bodies in the steady state flow regime*.

•i:_ The velocity V 2 (and consequently the pressure p), time t2, and

" distance L2 which the striker travels in the target during the secondi

• stage can be estimated on the basis of the following considera-

tions [72]. i

- !

If striker penetration into the target takes place in the steady /208 :r - ',

" state regime with supersonic velocity, the penetration velocity V 2 i

will coincide with the head wave velocity D 1 in the target. Consid-

. ering this and also assuming that the pressure is nearly constant

_. [69, 71] along the striker axis between the bow waves in the ._tr_.ker

and the target, with the aid of shock wave theory relations wc can

obtain:

Strictly speaking, hlgh-velocity interaction of coml,resslb]c
bodies in the steady stat__,z....._im__ should be chur_ic1,,r']_;_dby s_m.-
what higher pressures than those given bY (4.10); the ,.'.or:r',";_l,orl_t]_g
estimates c,'{nbe found, for example, in [oWJ.

°.

I
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i

..... "_'o.... ':T_;,H_------f,,,,:,_,I'V/-;' ( 4. ] 7 )I

I
I _ where the notatlon:_ are the :][tllleas in (4•14)
I ....

I -
I

L_ In the first approximation, (4.17) can also be extended to the
. ,

I

l " case of interaction of compressible bodies in the _ubnonlc flow te-
l

i " gime, if, naturally, the encounter velocities are sufficiently close

i in the sense mentioned above• The basis for this is the fact that
i .

I Rg' the isentrope and the shock adiabat of a solid body practically coin-
I cide in a wide range of pressure variation [24, 25], and also the

L

: fact that in the subsonic flow regime the distribution of pressures,

[ _ : densities, and velocities near the contact surface of the bodies cani
k_ _; be approximated by a Jump similar to a shock front, since these para-

[ meters will decrease very rapidly with increasing distance from the

F.... • contact surface of the bodies [26, 40 50, 51] This is indicated,: •
I

[ o , specifically, by the agreement established above (§ 4•2) between the

L ......:, experimental coefficients of resistance of rigid bodies to penetra-

i tion into a deformable target and their theoretical Newtonian values•
[

...

i For a given velocity V 0 and known shock adiabats of the striker
I

k -
" and target materials, (4 16) and (4 17) yield the possibility of

, ,., .

[ ' estimating the pressure p and penetration velocity V2, which are char-

I

. acteristic for the second stage• As for the parameters t 2 and L2,

! _ " they can be evaluated with the aid of the obvious equalities:
B '_16[ zo
[ t, ---=v, (4.
I

I
I

! andI
i_ L,=V¢,, (4 19)
i _. , 0
l

,,rl•--

l -- where Z0 --initial striker length.
i

•I ' Consequently, the target dcf'ormatJon I,_ the _;econd _t._gc', _TJ
I
! ,

• C_o _ , -I _he most general .' ,+'c, is determined by the ittlpact velocity, :_tr']k,'r _
I
i -- length, and the dt.,nslt,]e_; and cc)mpre:;:_,ibi_ity ct_:_r:_(.'l.,.,r.I_t[_:_', ,,I'tl_,

materials of the collidi_g bodlc',_.

L "

I ....

,..

...............................................................T ............ I
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+

.. It is essential to note that for metu.ls the ormu.las (4 14) al_d

(4.].7) can be reduced to a single formula, and rewr:itterJ without

loss of accuracy in the form:

P

• _ _ i+ <p,,2/p_)'],' (4.20)

o which coincides wlth the known solution of the basic problem of /209
+_

shaped-charge theory [28, 29]• This possibility is a result of the

o fact that, for a known fixed value of the pressure p, the ratios

• P/P0 for the different metals differ comparatively llttle, and for

many pairs of metals the parameter (_-p,_;,_,_v,_,21_ in (4.14) and (4.17) is

close to one [24, 70].

;" The third sta_e -- afterflow -- begins from the moment of com-

. plete "depletion" of the striker, and its exclusion from the process

as an effective factor In this stage, there is expansion ("after-

,_ flow") of the cavity as a result of the kinetic energy stored by

those target columns which were entrained into motion by the time of

" striker "depletion". The cavity expansion velocity, equal in the be- i

• ginning of the stage to the striker penetration velocity V 2 in the !

second stage, must obviously decay with time. The rate of decay will

. clearly be determined by the target material strength and compressi-

bility characteristics. In accordance with the data presented above

. (§ 4.2), cavity expansion and deepening will terminate when its cur-

:+ face velocity decreases to the value Vcr; unfortunately, no reliable

:• methods have been developed for evaluating the parameters of the

third stage. However, the system of parameters determining target

deformation in the third state can be defined. Thls system includes

the impact velocity, density and compressibility characterl_tlcs uf

the colliding body materials, and the target material strength.

.- Finally, the fourth stage --elastic (posslbly clastoplastic)

reduction of the cavity dimensions -- comp]etes the cavity f,)rm:Jt]o_

process. It is clear that in thls stage, the.....cavity d Irri_nz _.on

change will be of the rapidly decaylrlc ozcJtlatlur_ l yt,c•

,;,)
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T

.... Methods f'or'eva):atlng the parameters oI' the last cavity fr)rma-

- tlon stage have not yet been developed, a.]though what we have sa:Id

_:, makes it possible to state that the target deformatlon under these

conditions will be determined by the elastic characterlst]cz,

strength, and density of the target material.
L_

F

_ Examples of experimental data confirming the above model, and

i _ the applicability of the proposed interaction process parameter

i _ estimates are shown in Figures 4.9 - 4.11.

_T

_ $0 lO
"" <

/
_ g _ _ _ _ _,_sec

Lmm

: Figv_e 4.9• Pressure p in con- Figure 4.10. Experimental vari-
tact zone of a soft steel cy- ation with time of the depth of

" linder (10/d 0 = I0) with methyl the cavity formed in a massivealuminum target upon impact of
° :. methacrylate target versus cy- a soft steel sphere (m = 0 18 g,

..... linder penetration depth L from d O _ 3 5 mm) with velocity V 0
experimental data of [66]; en-

d< counter velocity V 0 = 3.7 km/sec 5.01 km/sec [64]

Figure 4.9 shows the pressure acting during penetration of a

° cylindrical soft steel striker (10/d 0 = i0) into a methyl methacry-

., late target in their zone of contact; in this experiment, the en-

•- counter velocity was 3700 m/sec [66]. The described relationship

determines precisely the first and second stages, and also the be-

ginning of the third stage of the subject model•

Fig_re 4.10 characterizes the variation with time of the depth /;>]L)

• of the cavity formed in a masslw_ aluminum target dur_n_ _I.mt>!_ct ,Ji'

a shoft steel sphere with velocity _ 5000 m/see. This figure _l]u_-

trates clearly the fourth stage of' the subject model.

c> • f li 0

"-i. ......:....... ".............-_ ......",,,,, I I I IIIIIll
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°_ l,'bmlly, Figure 4.11 corn- _ .1,j.

.... pares the mcarured penetrat:Ion _ _ .:.j..../'o "
_ ]

velocities V of a cylindrical _" .>.'y_
: metal striker into a massive z
_ _._P_"

_,_. metal target in the first (un- _-_ .'-_ ba

._ steady regime) and second (steady o c

...... J Q"regime) interaction stages with

• the same velocities calculated _ km/sec

• using (4.14) (line i), (4.17)
Figure 4.11. Comparison of

(line 2), and (4.20) (line 3) calculation using (4.14) (line
[72]. We see that the experi- i), (4.17) (line 2), and (4.20)

(line 3) with experimental data
mental data agree quite well with obtained during interaction of
the calculation results. At the colliding bodies under steady-

state (a, b, c) and unsteady-
_ same time, we see that the kine- state (d) conditions: a

. _t__ matic parameters of the metal soft steel striker (_=_n], alu-

".'.:'__ body interaction process for both minum target [66]; b --- soft

_. unsteady and steady flow regimes steel striker(_=10J , duralu-
::. can actually be estimated with minum target [66]; c _ copper

• , ' |,.

good accuracy using (4 20) which striker (_) , aluminum target

_ results fro_ the ideal incompres- [72]; d _ copper striker

sible fluid model. ('_'"0 aluminum target [72]_'_' _

This division of the cavity formation process into four stages

is obviously to some degree arbitrary. Actually, the phenomena

characterizing the neighboring stages overlap one another in certain

,.. stages of the process and, under certain specific exper-imental con-

: ditions, the individual stages may not play any role at all in deter-

mining the final cavity depth. Thus, in the case of hlgh-speed im-

pact of a short striker (_"---)\d0 1 op a massive target, the second stage

of the process -- intcractlon of the bodies in the steady state re- /21]

gime _ will be entirely mis_ing. Conversely, under conditlons of'

{t,, 1,1 on a massive tar_et, the roleshigh-speed impact of a long rod \,h,

of the first_ third, and fourth stage_ of the process are negligibly

small. If the rod a_id the target arc metallic, the fln_l cavity

: ._l_l

=/
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d_:pth can be determined, Jn this case, w_th sates' , "_.cto_. y tlccUl-,n.c,y

I+ from the formula:+.

=/.( ¥].L c \r'nz/ ' (4.2 ;J.)

< which follows directly from (4.18), (4.19), and (4.20). We have

noted previously that the soJ.utlonof the problem for' this collision
.._

condit16h_S_constitutes the basic content of the aydrodynamlc

theory of shaped-charge action [28, 29].

i Thus, in spite of being somewhat arbitrary, the described mode]

is very useful for analysis of the subject process. In the general

case, it does not yet permit making a complete quantitative calcu]a-

tion of the process, but with its aid we can quite confidently con-

struct the system of parameters which determine the characteristic

dimensions of the cavity created in a massive deformable target as a

result of high-velocity impact of a deformable body on the target.

In accord with the above discussion, this system of parameters will /212

include the target strength, striker characteristic dimensions, en-

counter velocity of the bodies, densities and compressibility char-

acteristics of the materials of the interacting bodies. The elastici
characteristics of the target material may obviously be left out of

the system, since they are uniquely connected with the density and

compressibility characteristics.

§ 4.4. Formulation and Analysis of the Problem of

Modelin$ the Deformable Body Encounter Process

We see from the above discussion that the possibilities of cal-

: culating the parameters of the deformable body collision process in

a wide range of encounter velocity variation are very limited at the

present time. The existing computational methods are suitable on].V

for the two asymptotic body col]is_on cases. Therefore', unl,i] an

analytic solution of the problem in the most general formu]ati_n :is

available, the only way to obtaln the required ini'ormatlon on the

laws governing deformable body co]lislon in a w].de rang<, or" ++,n<'.,._u_,t+.,r

velocity var_atlon is to analyze th{:'problem by t_Jo m<,thods <+)_'

242

|
o
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i ' I l .....................................T "
_ d].monglorlal theor'y, fl.[ld then vei'ify the a[l_l.l_tle re:_l_]l,s (_x[:,i,l'J_fJ_'rl-

. tally [73]. S:l_nce the po_sibi].itie_ of eonductJnl_ exl)erimerlts nth:i.gh body encounter velocities ar, e also still very lJ,lJted, i.h]_;

,. approach :[_ also attractive, in that :it pe]:,mitn exam]nlng the ]_rob-

lem in the model formulation. The problem can be formulated as

" follows (Figure 4.12) [74, 75, 85].

o_ We wish to know the final depth L of
o ,. C

_°i the cavity created in a massive ("semi-

_: infinite") target i, as a result of impact I _;_

'. on the target of a body 2 of given geometric " ,
• • , _ • .,,.'.._ ..... _" I .....

._..::.. parameters, having prior to impact a high ' _
I I

' I ,....T_L_i. velocity V_, which cannot be reproduced Lc ! t
.' I _ I

under laboratory conditions. Let the target i _k, I ,/'
" and impacting body be made from the mate- b_-" ;

• rials A' and B', respectively.
Figure 4.12. Prob-

<[ lem schematic

7 We ask whether we can select target and

,. impacting body materials A and B such that,

_. for some experimentally achievable velocity V 0 < V_, the result of

.ii!.' the collision of this pair will coincide with the results of the

...... collision of the first pair? What criteria must the velocities V_

and V 0 satisfy in this cabe, and also what are the geometric para- /213

" meters and physical characteristics of the two pairs of bodies?

" The solution of the problem in this formulation is facilitated

by the fact that the data from the known studies of the question, as

was shown above, permit quite reliab]e validation of the selection of

=_ the system of parameters which determine the process.

In accordance with the above discussion, we can state that, in

" a wide r, ange of impact velocity variation, tbe final eavlty depth b(,

_ :.... (dimension L) will be determined by: the impact velocity F tJ.f ')

the denslti.es of the colliding body materials under normal condl-

tiono .%, alld .r,,,_IMI, _1 , the characi, erist]c dtmc;m;J._ms {_.f' I.}_,,- Imt_actln,,7,
body _,, and ,/,,(L) , the l.nlt[a], value _)f' t,t_e _Impacting b)dy t_c,;;,.,..

;'4 "J%,

" " ' " ..... 2:_ ,, ," "_ ,.In II IIIII i lllll i
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_" form factor K 0 (d_mensionless quantity), and the strength and com-

prea_Ibility charactePistics of the colliding body mat .zlal,.

g

__ It was shown above (_ 4.2) that the strength characteristic

which determines half space deformation under impact conditions is

the dynamic hardness of the halfspace material. Therefore, the dy-

namic hardnesses of the materials H I and H 2 (ML-IT -2) of bodies i

'_ and 2 are included as the strength characteristics of tl_ese bodies.

" It is natural to take into account the compressibility of the

material of each colliding body with the aid of the shock adiabat

parameters, assuming in accordance with the experimental results [4,

24] that the shock wave velocity D and the mass velocity U of the

_ particles behind the wave front are connected linearly with one

another. Under this assumption, the pressure p and density p be-

hind the shock wave front for different materials in the pressure

ranges where polymorphic changes are absent can be determined with

_ - adequate accuracy by the relations [24, 25]:

p_po(_+kU) U (4.22)

i and

• a + _U
P=_(), --I) d' (4.23)

_;. where a -- sound speed in the material; P0 -- material density under

normal conditions; and _ -- a constant of the material.

Consequently, the shape of the material shock adiabat is com-

pletely defined by specifying the sound speed a and the constant

- for known initial density P0" Therefore, we can take as the com-

_i pressibility characteristics of the materials of bodies 1 and 2 the

sound speeds in these materials a I and a 2 (LT-I) and the values of

/. the constants _i and _2 (dimensionless quantities).

In accordance with the, basic theorem (H theorem) of dimencional

analysis [73], from the 13 listed process parameters (Lc, Vo,[_.,,_',,_'.P,,,!,

244
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o_,_.. _.,11_,11,,,_,, %, ;, k/,) we earl form ten independent dimensionless comb2na- /2Ill
"_'r

_,,,,,. tions, the functional connection between which will give an implicit

:._ form of the equation describing the subject process in a wide range

-_:. of encounter velocities; the equation may be written in the form:

/C .( r01|'_ !!._ "e ,, lo "fl P:I,,, )1o "-:! " N ' I11° Co,' co' _ ' HT' ' X,, X_ . (4.24)

From this there follows directly the criterion for modeling the

subject process: the relative cavity depths in two experiments will

have the same value if in these experiments the corresponding dimen-

sionless parameters appear_ing under the function symbol have the

same value.

Equation (4.24) and the associated modeling criteria can be

..._ .:: simplified considerably if we are interested only in such a large

_i! group of deformable bodies as the metals. In accordance with experi-mental data [4, 24, 42], we can take for the metals -_7_,_const and

,_ X_..const. Under this assumption, (4 24) takes the form:

][ \ H-_ ' 8_' _o_' x°' _o' _.. (4.25)

i_ For analysis of this equation, it is best to turn to a somewhat.• altered system of dimensionless parameters appearing under the func-

llI:: tion symbol; namely, we rewrite the equation in the form:

: To-"_O\ ' 7g ' H_ Po,' xu' "_'o' eo_.,'" (4.26)

- It is interesting to see how (4.26) transforms _n application

• to some particular collision condition cases. In so doing, the

modeling conditions will obviously undergo corresponding simpli-

fications.

_._ i) In the interval of relatively lew subsonic impact veloci-

ties V O, we can take for body 2 a material whose hardness satisfies

" the inequality 1I,_>. It, !-ZoPo_V_, For these low velocities, such a body

2 can with adequate accuracy be considered nondeformable (rigid)

24t

r2
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and body i carl be considered ineompressib]_e, which makes it possible

_., to exclude the parameters Ill _0 and --_-from (4 26) Therefore,

"_-_ (4.26) will take the form for this case:

I! "

:_ .... It is not difficult to see that this equation is expressed in /215
explicit form by (4.12), which agrees well with the experimental data.

2) In the interval of re].atively high velocities VO, the in-

equalities It_ "-'_ P,,IV_ and ll.z..: ,,,,21o will be satisfied If in this case

10:_d_, the body interaction process can, with adequate accuracy, be

considered to be steady state. We can also consider that, with

- satisfaction of these conditions, the contact surface of the coilid-
_7

_ ing bodies will rapidly take a form which is nearly hemispherical....._ '_.

and remain such throughout the entire p_ocess [28]. In other words,

we can consider that the form factor K0 of the nose of body 2 remainsi

: constant throughout the entire process, and close to 0.5 [42, 47,

48]. Finally, as was shown above (§4.3), when these conditions are

satisfied, we can exclude from consideration the compressibility

"- characteristics of the colliding body metals. Consequently, (4.26),

describing the collision process of metal bodies, will contain under
- _IUil

" the function symbol in this particular case only a single dimension-

less argument:

_---: _- _ - (4.28)

_ This equation is expressed in explicit form by the well-known

i_ formula (4.21), which is in good agreement with the experimental

'1 data [28, 29].

_l 3) Equation (4.26) also simplifies considerably in the parti-

_- -- cular case when the colliding bodies are made from the same metal.

In this case. the dimensionless parameters )f_. ;,,_ ;,,_._

_'7}.

k_ -•_ 246

• " - i ii J
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unity, and the equation describing the process will contain only

three dimensionless arguments under the function symbol:

_" 4 _%k_7_--' %'_ " (4.29)

4) Equation (4.26) will also simplify when the shock adiabats

of the colliding body metals are similar to one another in _he coor-

i dinates "pressure p versus mass velocity U". For example, according

> to the experimenta], data [4, 7, 9, 10, 12], the shock adiabats of

i=_ iron, copper, and lead practically coincide in this coordinate sys-

!_•_ tem. It follows from (4.22) that, in this case, the approximate

, equality Po_a_Pu2a_ will be satisfied. Therefore, under the subject

conditions, we can exclude from (4.26) the parameter _, i e., we

• can write the equation in the form:

, to )LC_,(po_V_ Ito ;_ _° (4 30)L'¥ Hi ' W_' eol_ "_" "

Finally, if in this particular case the impact velocities are /216

so high that the deformation process can be considered to satisfy the

model described in §4.3, and if in this case the striker dimensions

_ and shape are such that the impact process cannot become steady state,
7"

the body contact surface velocity throughout the entire time of im-
L

_: pacting body action on the target will be equal to approximately half

_, and Z_ Conse-
the impact velocity for any values of the ratios _ Po_"

• quently, for these impact conditions, (4.30) can be reduced to

7 the form: I

" ±c_ 4 _ ' _' ' (4.31)

which coincides with (4 29) I

o.

Thus, analysis of the deformable body collision problem, usin_ I
• I

_._ the methods of dimensional theory, makes it possible to obtain _n

_.mplicit form the equation describing the impact process in a wide

range of encounter velocity variations, and also make:-_it possible

to derice the criteria for modeling this process.

.-

O0000003-TSE04



i 1 I I

• °

§ 4.5. Comparison of "OrisJnal" and "Modc,l"

Process Parameters
c

..... We have shown that the problem solution obtained using dimen-

• sionless analysis c'oincides with thr nown theoretical and experi-

mental solutions in two particular
asymptotic collision condition

_/ cases. Therefore, the experimental verification of (4.26) and themodeling criteria which follow from this equation should be accom-

_ ' plished, first of all, for impact conditions differing significantly

from those of these two cases.

The natural first step in this verification was comparison of

j : of in each of which the interaction body
the results .two experiments,

_'__ metals and impact velocities were selected so that in both experi-
" ments the dimensionless ratios appearing under the function symbol

-_, (4.26) had the same value. Consequently, one of these experiments

("high-velocity") can be considered to be the "original", and the

[ other ("low-velocity") can be considered to be the "model". We would

! expect that, in these experiments, not only the final cavity depths

_ would be similar, but at the corresponding moments of time the in-

!_ stantaneous values of the force and deformational characteristics ofthe process would be the same.

• Collision of the bodies was studied using the pulsed radio- i

graphy method In accordance with the capabilities of the method,• i

heavy metal striker penetration into light metal targets was studied /217

" [76]. Specifically, strikers having the form of cylinders of dia-

_ meter 4,,_,_mm and length 4, -'_mm were made from soft steel (density

- .,_ _,:<,g cm3), heat treated to dynamic hardness H 2 167 kg/mm 2, and

" from annealed copper (_,_._.:_vg/cm 3) with dynamic hardness 65 kg/mm 2.

,; As for the blocks acting as "semi-infinite" targets, they had the
%

' form of 60 mm-diameter cylinders, and were made from dura]uminum

_ - (_,,,'t,._,g/cm3), heat treated to dynamic hardness if, _7 kg/mm2_ , and

from annealed aluminum (!',.2,_!g/cm 3) w_th dynamic hardnp-:, /I .'i

,_- kg/mm 2. In one experiment series ("original" process), I._<.i.,r:,.tiorl

.°
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t_

_-_-.... of the stool cylinder into the _r,_lum:In,mz_ tar6et with encounter

'. velocity V 0 = 1380 m/see was studied, and in the other' experiment

series ("model" process), penetration of the copper cylinder into

the aluminum target with velocity V 0 = 870 m/see was studied.

f"

It is easy to see that the dimensionless ratios appearing under

the function symbol in (4.26) ("modeling criteria") had essentially

..... the same values in both experiment series. Specifically, in both

..... series

/"-,. xo= i"_ -,;_;--- _ 2,3. "
:,.-..:,-:;

--"_' As we would expect, in both experiment series, the final cavity

depths L had the same value, equal to 35.5 + 0.5 mm. The total

_ process time t in the fi: st experiment series (soft steel and dur-
C

aluminum) was 68 _sec, and in the second series (copper and aluminum)

the time was i00 wsec. Figures 4.13 and 4.14 show some characteris-

tic radiograms of the cylindrical steel striker penetrating the

_. duraluminum target, and of the copper striker penetrating the alu-

" mlnum target. Simple comparison of the radiograms of Figures 4.13
.._..

and 4.14 shows that qualitatively the two processes develop similarly

in time, and analysis of the radiograms leads to the conclusion that
u

the two processes are quantitatively similar. The latter is to be

.... understood in the sense that the instantaneous values of a particular

_ parameter, referred to a parameter of the same dimension which is

_ charact, ristic for the given process, will be the same In the "ori-
." j

' ginal" and "model" processes at corresponding moments of time. I

-" It is not difficult to see that the radiograms make It possible !
..

to obtain for' both series of exper]ments the vsrlations ]n t_me of'

all the collision proces_ parameters of interest: pen_t_atlon depth,.

L, striker length _, diameter d of the line of separ_Jtlon, a_d

_" striker nose form factor K, which, if Wt' apl,roxlmatc the L'o_tact /_-]__

• surface-,_of' the int_raction_ bodies by l,art of' a sl:,herc,c,f rad:iu_;.._'

.... ......" ............_ '{ '_' ,, I_ J
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a b c d e f F

• Figure 4.13. Sequential radiograms of steel
cylinder penetrating duralumin_ "halfspace"

with encounter velocity V 0 = 1380 m/sec Figure 4.15. Rela-

("original" process): a) I0, b) 16, c) 19, rive penetration
d) 26, e) 34, and f) 68 psec after body en- depth L/Z 0 of cylin-

counter [76] drical strikers into

massive target in
, the "original" (i)

£_: 8 and "model" (2) pro-
cesses at corre-

i sponding moments of

' .... ' :_il time t/t c [76]

a b c d_ e f
can be calculated

Figure 4.14. Sequential radiograms of cop- from the formula
per cylinder penetrating aluminum "halfspace"

with encounter velocity V 0 = 870 m/sec [38]:

("model" process): a) 9, b)21, c)27, d) i(_]_
34, e) 50, and f) i00 psec after body en- _=I--_,.,. (4.33)

counter.[76]

As an example, Figure 4.15 shows, in the dimensionless coordi-

nates , _,., measurement results concerning the penetration depth

variation in both processes. We see that in the selected dimension-

less coordinates, the relations obcalned f'or the two proc_:ss,_.:;agr'c<,

quite well. The same situation holds for' all the ol.hcr por,Jmctc:r';

listed above in suitably selected dJmcnsionl{_,;:" Ct}or'diFJ:Jt_ C.

it; should be ,-mphasiz<,d th,ut t,_]'_; :_gr',:,<,lr:,_t r,1' th_ _',,]'.Jt],,rJ:: /';_,"

for the "origirl:]l" and "mod_,l" t)r(_'.<,;;;;,*s i_d].,::_',., :: ',.']rri]l::_'JtV it, _.i,,.

two l)roc,,t'z;s(ms {)F [,oth 1,h(: ,i,,t'{_r'tu:_l 1(.1,:_] :,_,i i',,3',', ..h:_r,:,,.1,, :'_,:_ i,';.

Acbu;i]ly_ the f'orcc, cl_:_.r;_<t<:t'],:;_ ]<',;; <)l' 1,_, ;;thld],.,l I', .... :;;: :,t',

"

.'_.()
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determinud by the cocff:Icient K and 1.h_ :._t_,IIu:z, l_(,rtc, tJ,:Jt:l_,ri v_,]_(_:ll Y

". V, and al:;o b,v the target metal den[]]t,y :inrl _;1.r'cnplt, h and _'omt,l'_,;:;',l-

bility characteristics. B,ut s_mi].ar'_.ty of tht., form factoJ,_._ wa:',

' established by the measurement[; made, while slm1.larJ_ty of the dc,n-

sities and compressibility characterlmtics in specified by the con-

• dr
ditions (4.32). As for the penetration velocity I" ::_i" according

to Figure 4.15, such dimensionless functions as:

_f_= (4.34)
_. /oltc e (U,c) '

[ coincide in the "original" and "model" processes. Consequently, the

.... penetration velocities and, along with them, the force characteris-

. tics will be the same in the two processes at corresponding moments

of time.
,. :°

Thus, the very first experiments conducted to verify experi-

• mentally the dimensional analysis of the deformable body collision

problem show that when the modeling criteria (4.32) are satisfied,

,: the deformable body collision process is modeled both in terms of

the final result and in terms of the instantaneous deformatlonal and

force characteristics.

§ 4.6. Modelin$ Curve

A broader experimental verification of the analysis of the de-

formable body collision problem was conducted in [773, for which both

_' the targets and strikers were soft steel (density PO = 7.85 g/cm 3,

hardness HB = 116 kg/mm 2, dynamic hardness H = 167 kg/mm2),Brinnell

" copper (PO = 8.90 g/cm 3, HB = 42 kg/mm 2, H = 65 kg/mm2), aluminum

= 2.70 g/cm 3, HB = 22 kg/mm 2, H = 26 kg/mm2), and lead (O0 =(P0

711. 11.34 g/cm 3, HB _ 5 kg/mm 2, H _ 8 kg/mm2). The shock adlabats of'

these metals arc -_hown _n Figure, 4.]r,. We L;_(; that thi:_ ,:_,.]_',. ,,I' /,,'_

the metals provided a qulte broad r, allgc, nf v'irlation ()i' the d,:nslt.V

and re:]l_,t:t_]c,_'-to-de['ormatlo_,(dyr-lar_l]c lnr_.r.dric,'.;;;) ,.;t_:_;,;._ct,,P[_ I,':'.

of th{:' collidinc bod]_,_, .....

...... ::':2........ __r _ r II [ IIIl'lr [' ' II I 111 H ............. II
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..... OXp_I °]moIlt;1] _:_oJ.llt]o_l "'_1)Z' 1,h_, cn.';<, Wtleti _°o ;0_......
t"

I.'

_ the shock ad:Iabats of the interacting _ ,../.._//body metals are similar to oll(.'. :Jnothc, r +_ /'
' _d t //

"'_'_:i in the coordinate system "pressure p _ '/

/versus mass velocity U".

.. For the experiments, the targets / .I../
: _._

were made in the form of blocks, whose _,_-- ____ __..........

_ : • dimensions in the direction of impact o : 2 ,_
., U, km/sec

i_f and in the transverse direction ex- Figure 4.16. Shock _dla-

_:_:_ ceeded by approximately an order of bats of •copper (i), lead
_T_ (2) iron(3), and alu--_ magnitude the corresponding dimensions '

" minum (4) from data of
_._. " of the cavities created in the blocks, [4, 7, 9, I0, 12]..::hb,:.

and the strikers were made in the form
$:.,.

_._......- of d0_9,4 mm diameter spheres. The strikers were given velocities V 0
_--' from 150 to about 2500 m/sec, using _ powder launcher.

F": ,,. It follows from (4.29), obtained for the case when the striker

}-!_" and target are made from the same metal, that if the strikers are

(, ,° )-- geometrically similar :=consL,_d_ronst , the experimental resultsc

• will satisfy the same curve:o

_o _-_?T;' (4.35)

:_ regardless of the metal used.

,,,,"-_' Figure 4.17 shows the results of experiments conducted to verify

',!_-:.'_'_ this conclusion. In constructing the graph, it is a_sumed that the

_ . characterstic length Z0 of the sphere penetrating the target is

_ equal to the sphere diameter d o. We see that the experim_ntal!¢

< points, in complete agreement with (4.35), in the dimens]c,n]e'.;s ..o-

{_,._I'_ Ac"_
ordinates k II_' _,1 lie on the same curw_ wltl_ good accuracy, which

is new direct proof of the poss:ibility of mod,._lit_g tim. :;ub,!cct

def'ormablc body eol]i_ion t_roc(';:s.

• l

t .2 '
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Since the lead sphere

cannot be accelerated to Lc

more than i000 - 1200 _ _ ......

m/sec without changing z _._--"--'_"-- .-i
its shape, in the subject ,_ .-_

series of experiments,

the relative cavity depth O ._# I## ,_# z_ 2_

Lc/d 0 measurements were _ /221

made only up to values of Figure 4.17. Dependence of final
depth of cavity created in a massive

the dimensionless para- target with impact of a sphere made
" from the same metal• as the target on
- meter _'_,__22o There-

_ , " the encounter velocity: i _ soft
steel; 2 _ copper; 3 _ aluminum;

_. fore, the modeling curve 4 _ lead [77]
in the form in which it

is represented in Figure

(: 4.17 makes it possible to predict the result of collision of a sphere

made from iron, aluminum, or alloys based on these metals with a

_ _" massive target of the same metal as the sphere, only for encounter

• velocities up to 7 - 8 km/sec. Actually, for example, for a target

steel with dynamic hardness H 1 = 250 kgf/mm 2, on which impact takes

= _,,,_';i _.?_jf}, and for a duralu-
place with the velocity V 0 8 km/sec, -1/_-

minum target with dynamic hardness HI : 80 kgf/mm 2 with the same

impact velocity _'_i 'I_-'?_'.

- It would obviously be interesting to investigate the behavior

,. of the modeling curve of Figure 4.17 in the region of higher values

of the dimensionless argument _,v_;//---7.For the solution of this prob-
.[

" lem, it was natural to turn to study of the collis_on of bodies whose

densities and resistance-to-deformation characteristics wer_ _ d_i'f,._r-

: ent, but whose shock adiabats wer_ similar in the "pr'e-'..'-_ure p v,=,r'su;_

:._ mass velocity U" coordir_ate system. We showed above (§ 4.4) that,

" in this case, the equation describing th_ c_,l]is]_n proc,_-:_sw]ll

coincide with (4.29) if the collid]n_ body e_icounter ve]ocitl,,:_ u_d

the process of' strikez' inter,.t_ctio_ with the tar,g_.t take;" ._,]'_,: _r_

O0000003-TS E10



the ullsteady re[,',Imc. ,_t_ict].y spe_:Ik].rU<,tlje {',o]l]dlnK body :Irlt_]:'-

&ct:|on pr,ocess will t_ko pl&ce in the u_istoad.y r(_;Z]nlewherJ tile
</ ,-

striker longitudinal dimension is much less than its tz,_n/]vcl-.s(:, dl-

,':,[ mension (l_-:':do). However, sphere penetration into a ta_'zet can also /2"d,:'

be considered in the first approximation to be a process taking place

_'<-" in the unsteady regime, since in this case the dimensions of that

striker sec,tion at which the particles entrained into motion at each
i ..

:, given instant are located vary continuously. Therefore, in ac.cord-
}<o

": ance with the data of Figure 4 16, we can extend the modeling curve

i;i_<._ of _.:igure 4.17, in the first approximation, into the region of high
_'_,_;,_ ..

• .._,,. Po,I[,
_: values of the argument --Hi-,when studying, for example, impact of

,_.._,_, iron and copper spheres on a massive lead target

I < : The results of these ex- _ ...... ,- t-
!_ Lc
:__-_ periments are shown in Figure _ -_-W_-----_--_--_

j 4.18. Also shown here by the
!

i__:: dashed line is the relatJon from ._,

:- Figure 4.17. We see from Figure

4.18 that the data obtained make _ _-......-_
' 0 200 ,: f,[J 4['5' 800

i " it possible to extend the model- ,_,v_
._,

•.. ing curve to values of the dimen-

Figure 4 18 Depth of cavity• r_,,I,__,800 i.e. " "
_ sionless argument _ , ' formed in massive lead target

with impact of copper (i) and
they make it possible to broaden; iron (2) spheres versus en-

_: the interval of variation of counter velocity; dashed line

....i this argument covered by d.irect reproduces the relation of Fig-.. ure 4.17 [77]
measurements by nearly a factor

of four. Formally speaking,

the modeling curve of Fi_ure 4.18 makes it possible to predict the

result of steel and duraluminum spherical striker collision with

"- massive targets of the s_me material as the striker for encounter

.... velocities up to 14 - 15 km/sec

At the same time, the data of l ic, uz__ ]8 nmke it posulb].<., t(,

_..,t'_ u[_r,n _,xc,,r,,..i[n_] wh]_'}_• estimate those value;.;of t.hc, paramut<,l' -t_i- '
:T

_--- striker mat,:_Ii:tl'_ ,- ',]trendth ,.':_.t_ "_ctu'tll,v b,; n_:K],.,cl._,d,. 'i'}_,,_',,., va[,_, s

L!5 4
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of thls parameter in i, he subject east, of :Impact on a lead ha].f'r,l)aec,

(..,
._ a) .... /P2 3copper strikers kill l,'or smaller values of' the parameter p,,,l'_

" it I '

striker material strength plays a quite obviou_ role: the natu1_e of

_ the corresponding segments of the curves in Figure 4.18 depends

markedly on the level of the H2/H 1 valued. In this region of rela-

tively low impact velocities, the iron and copper spherical strikers,

when penetrating the lead target, either do not deform at all (left-

o, " hand rising branches of the solid curves in Figure 4.18) or deform

_ partially, but with significant _ncrease of the transverse section,

•-- which in some interval of variation of the parameter b_'V_leads even
ill

.... to reduction of the relative cavity depth Lc/d 0 with increase of the

....._ parameter (descending segments of the solid curves of Figure 4.18).

- The modeling curve of Figure 4.18 can be extended to the region

•o,,O of still larger values of the dimenslon]ess argument _''_.. -;i[-,if we use

: the experimental results of [59], in which ( d0_3.2 ram) steel sphere

impact on a massive lead target was studied for encounter velocities

up to about 6 km/sec. The results of these experiments are presented

in Figure 4.19. The dashed line reproduces the relation of Fig-

. ure 4.18.

As we would expect, the results of these experiments_ although

they relate to spheres whose diameter is smaller by a factor of three
_ " than the diameter of the spheres used in the experiments described
'd ::: , ,

above, agree well with the relation of Figure 4.1_. The results of

- these experiments extend the mod_ling curve to values of the dimen-

-:_ _..,_ i_,
,2 sionless argument iii- _._I_I(I,which makes it possible to forma]]y /224

s _" St e c 1predict the result of stee] sphere Interaction wlti_ a ma .... ivc,

target, or duralum]num sphere ]nteractlon with a m,_slw:, duralum[num

- target for impact veloc]tles of 30 - 50 kin/see.
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It Is remarkable that all Lc I_

the experimental data corre- '$ f_"

" spending to the subject problem
conditions known at the present _"

I

time agree well with this model- 2

ing curve. As an illustration

of this st atement, Figure 4.20 fl ,<:,_o _'u_,:J _m_,', ,','," _muo

shows the modeling curve (solid _E-

line) and the experimental
Figure 4.19. Depth of cavity

points obtained for impact formed in massive lead target
velocities _ 3- 10.5 km/sec with iron sphere impact versus

encounter velocity from data of
[59, 78 - 80]. [59]; dashed line reproduces the

relation of Figure 4.18

Thus, the cited experi-

mental data again confirmed the _f _......._ _

validity of the problem analysis L__cI

. presented above. They make it I "f'° .-I

possible to construct a modeling 2!f. _[_

I_o-2

curve which is confirmed well by i

r i

direct experimental data ob- _ ...... __ ......

tained at impact velocities to ._,v/
about 10.5 km/sec. The modeling

curve was extended to large Figure 4.20. Modeling curve of
values of the basic modeling Figure 4.18 (solid line) and

experimental aata (points) ob-
P"'i_ which, generally tained at high collision velo-parameter j-_]-,

cities of spherical strikers
speaking, make it possible to with massive targets: I

duraluminum striker and target,

predict the results of the col- V 0 = 3.2 - 10.7 km/sec [79];
lision of spherical bodies made 2 _ aluminum striker and target,

from iron, aluminum, or alloys VO = 3.1 - 7.5 km/sec [78];

L, based on these metals with a 3 _ steel striker and copper

['l target, V 0 = 5.6 km/sec [59];massive target of the same mate-

i rial as the sphere for encounter 4 _ steel striker and tarc_:'t,= [8o1V0 6.7 km/"_, '
I" velocities of 30 - 50 km/sec,

which are inaccessible for direct

experiment. However, we must

2Ot_

..... . ._ ....... <
I II
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[....,!' '..................I .........................]

, .e _, f ¢emphasize that unt:]l the. ,4',est]on of' tho 1.lm_t,_, o ,Ul)l_]J<'at)ii_ty r_l'
7-

_o_ . Lh() ]llodc,1 .t,oi)resontation :1_" z_eSoJ_ved, 1.bl',, pr, r_d]ct_orl, i:_; o[' :1 /_tJz,,::-J,y

fornlal nature.

_'.'L § 4.7. Evaluation of The, final Phc, nona,.na ]_o]o ]n

_ Metallic Bod_ Interact].on

In light of the above, a question naturally arises: wl_at is the

upper limit of that velocity interval in which the estimate of the

final cavity depth from the modeling curve will not differ, markedly

from the true collision result?

The formulation of this question is a result of the fact that

:_i the cavity depth dependence on impact velocity must have a singular-

a ity near a value of the velocity which is unique for, each pair of

_i- colliding bodies [25, 67, 68, 81, 83]. The "thermal explosion",

,_ i.e., evaporation in the unloading wave of the collldJng body metals
:_,, in the volumes adjacent to their contact surface, is usually cited
/-

as the physical reason for this singularity.
i

_. The impact velocibies h'hich can lead to the onset of this
phe-

nomenon are very high. According to the theoretical estimates [25],

for the various metals they lie in the range of I0 - 20 kin/see, where

_ study of the solid body collision process is not yet accessible in

,.: practice to direct experiment.

..:..

However, we must bear in mind that, regardless of whether or not

,,, target metal vaporization in the unloading wave takes place, those

target volumes which, as a result of shock loading, are in the molten

condition will be ejected from the cavlty upon unloadlng, in _ther

words, wc, can state that the magnltude of' the target volume ejected

from the c<¢vlty will be determined in the final ana]y__]s not by thv

vaporization conditions, but rather by the target mt-:talmelting con-

ditions. This mc,ans that the cu.vJ_tydepth dcp<.,ndc,nce on impact

:.__ velocity _ili have :, s.ingu]ar]t,y not: at the ,']ted high vcloclt]__,s,

" but rather _.t consider:_.bl,y lowe_, bo,ly en,'ou_i,er w.'!oelt_es. Thc:;e

:Ire termed the t.hrcsho.[d /c]ocil.].vs; these are th{_'impact vc.],,;]t_.,.;:i

."57

L
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I:_: upon exceed_nf_ which the unloaded ta:r[<et metal In :._ome vo].ume of" the

t _

.f[.iil.-, point, To the threshold impact veloe__t_es, there will. naturally cot-
.-: respond threshold values of the mass veloclt:tes, pressures, and other

thermodynamic parameters at the disturbance front, which arises in

_ the colliding bodies during their encounter. From estimates based on

_:..:..:' theoretical data [4], for various metals, the threshold impact velo-

_ cities V t _ (0.7 - l)a, where a _ sound speed in the metal, i.e.,

they lie in the range of about 1.5 - 6 km/sec:, which at the present

time is covered by the velocity range accessible /'or experiments.

However, in spite of the expectations_ the experimental curves

of cavity depth versus impact velocity, as we see from the above

discussion and also from numerous other studies of this question /22____66

(see, for example, [56 - 59, 78 - 80]), do not show any singularities

at the threshold velocities.
-_ •

.... This experimental fact can be explained as follows.

i [ The cited estimated threshold impact velocities V t were calcu-

lated for those body encounter conditions in which the body interac-

• tion process takes place in the unsteady regime, and is not accom-
i :

: ' panied by hydrodynamic flow of the bodies. However, in the experi-

ments examined above, and also in other cited studies [58, 59, 78 -

80], the col_.ision process was accompanied by flow of the two inter-

; acting bodies and, in this sense, approached the steady state regime,
!

since either equiaxed bodies or' bodies which were elongated in the

_ direction of impact were used as the strikers. We noted previously

i. (§ 4.3) that the difference between the body interaction processes

in the unsteady and steady regimes is very significant. In the first

case, the impact velocity V 0 determines the mass velocity U on the

i shock wave front arising _n the interacting bodies during their cn-L

_: counter; in the case ol collision of two bodies made of the same

metal, U = VO/2. In the second case, the impact velocity V 0 deter-

• mines the shock (head) wave velocity D; in the case of interaction

25_

' • ' ...... J ........ I1_ ii I
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of bodies made from the same metal, D = V0/2. S_nee D _ a + I.SU

[4, 7], in the nearly-steady-state interacting body hydrodynamic flow

pl'ocesses, the threshold shock wave velocity Dt will be reached only

for encounter velocities V 0 => 2a + 1.SV t. If we consider that for

"_ the metals V t _ (0.7 - l)a, we can state that, in processes which

:_i_".... transition into hydrodynamic flow of the colliding bodies, the ther-

:i:_ mal effects will not influence the final cavity depth when the body
°

_! : encounter velocity V 0 _ (3 - 3.5)a.

_ii _, Naturally, for encounter velocities satisfying the condition
V 0

Ii_i] Vt < V0 < (3- 3.5)a, the threshold values of the thermodynamic para-

I--___i meters will be reached in certain volumes of the colliding bodies in
_" the initial stage of body interaction taking place in the unsteady

: _ _ regime. Howeven, this circumstance cannot influence in any way the

_ '_ final cavity depth or the further behavior of the process, since

i these volumes will spread out into a film on the surface of the form-

_<.... ing cavity, regardless of the state in which these volumes are found.

Thus, provided the theoretical threshold velocity estimates are

" correct, the predictions resulting from the model concepts will be

,, close to the true collision result in application to sphere impact

• on a massive target of the same metal, at least up to encounter velo-

. cities V 0 _ (3 - 3.5)a. Consequently, when the sphere and the mas-

-_.. sive target are made from iron, aluminum, or alloys based on these

I:_ metals, the predictions resulting from the modeling curve will be /227

reliable, at least up to encounter velocities of 15 - 18 km/sec*.

_,
It also follows from this discussion that, in the processes which

.... transition into hydrodynamic flow of the colliding bodies, vaporiza-
: :. tion in the unloading wave ("thermal explosion") can occur during

• interaction oi' bodies made from the same metal only for encounter

i velocities V 0 _ 2a + 1.5Vva p. Consequently, when the sphere azd
: massive target are made from iron, aluminum, or alloys based on
-. these metals, these velocities, with account for the estimates of
.... [25], will be 30 - 40 km/sec.

259
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_mm
In thiz cunnuctlonj experlmental determlnatlon of the threshold

.. velocities become_ very Important. To this end, exper:Iments were

conducted in which the phenomena arls_ng in a massive target in the

_o.e : case of a flat-wise "short" impact, when _he collision process takes

> ,,.... place in a definitely unsteady regime [25, 84]. The strikers for the

experiments were made frcm aluminum, and had the form of thin plane-

-_ parallel disks (diameter .i_::15mm, thickness l0 _ ). The disks were

._ imparted a velocity of about 2.4 km/sea, The targets were blocks

_ made from lead, tin, and cadmium, for which the theoretical threshold

_i_ velocities lie in the indicated interval. It is important to note

• that this choice of the colliding body metals ensured the most com-

plete unloading of the target after passage of the loading and un-

_:::_:_:. loading waves through the impacting disk. This conclusion follows

": - directly from the mutual positioning of the aluminum and target-metal

_';_ shock adiabats in the coordinate system "pressure p versus mass

velocity U" (see, for example [4, 7, 9, i0, 12], and also Figure 4.16).

As an example of the data obtained, we need only examine the

results of the experiments with lead targets.

• Figure 4.21 shows photographs of '

• axial sections of two characteristic

cavities. The cavity profile in Fig-

,._ ure 4.21a is typical for relatively

low (_ i km/sec) impact velocities,

while the cavity profile in Figure a b
_::_" 4.21b is typical for velocities above '

• 1.7 - 1.8 km/sec. We see that the Figure 4.21. Sections of

_a cavity profiles are not similar. _'he typical cavities obtained
during impact of an alu-

cavity of Figure 4.21b is essentially minum disk on a lead tar-

_ "composed" of two parts: an upper part get: a) for low (_ i kin/

• which is similar to the cavity of sec) and b) for high

:-_ Figure 4.21a, and a lower part, which (_ 1.7 - 1.8 km/sec) _m-
_j impact velocities

.... " is nearly conical in form. The entire [84,85]

surface of the "conical" part of the

cavity of Figure 4.21b has definite traces of melting.



• It is significant that a shock wave with mass velocity approxi-

mately 650 m/see [4, 24] arises in the tar_et for the alumJnum disk

and lead target encounter velocity 1.7 - 1.8 km/sec. This velocity

is close to the calculated threshold mass velocity for lead [4].

i The difference in these velocities does not exceed 10% (Table 4.2).

Similar data were obtained in experiments with cadmium and tin /228

_ targets. The difference in the experimental and calculated thresh-

_. old velocities again does not exceed i0 - 12% (Table 4.2).

TABLE 4.2. SOME TARGET METAL CHARACTERISTICS AND THRESHOLD
•° VELOCITY DETERMINATION RESULTS

Ii
Metal i Tin Cadmium Lead Zinc Zinc

L Initial target temp., TO, °C 20 20 20 20 250

if Melting point, Tm, °C I 232 321 327 419 419

t •
Specific heat, Cp, cal/g.deg _0.054 0.055 0.030 0.092 0.092

_ Calcul_ted [4] i 800 940 7i5 1315 925

i _ ' With massive targets ! 700 880 650 - 910

_: _ _ _ With thin screens , 77o 89o [ 700 - -

r r

In order to show in a direct experiment that the bottom part of

the cavity of Figure 4.21b actually was formed by target metal ejec-

tion from the cavity in the unloading wave, a pulsed radiographic

study of the collision process was made for various body encounter

velocities. Figure 4.22 shows a series of radiograms which charac-

terize the process occurring in a lead target with impact on it of

an aluminum disk with velocity about 2.4 km/sec. Here, dispersed

target matter ejection from the cavity is clearly seen (Figure 4.22,
L

frames e and f). It is significant that ejection takes Dlace at

impact velocities of 1.7 - 1.8 km/sec and higher, when the cavity

I
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_J
t .

_ a b ...... c d :..... e .. f

__i Figure 4.22 Radiograms of aluminum disk impact• on _ massive lead target with velocity V about
."':' 2.4 km/sec: a) 7 p_,ec prior to encounter; b)
_:° 14; c) 27; d) 81; e) 620; and f) 1070 psec

,,% >

after encounter [85]

-_L,o"

has the form of Figure 4.21b and its bottom part has definite traces

_- of melting, and does not occur at lower velocities. Measurements /229

_ show that the matter is ejected with a velocity of 30 - 40 m/sec,

.... which also agrees well in order of magnitude with the results of
?

calculation [4].

:. Similar results were obtained in experiments with the tin and

cadmium targets.

'/o Experiments were also conducted with massive zinc targets. The

:_ maximal velocity imparted to the aluminum disk (about 2.4 km/sec),

as would be expected, was not adequate to csuse the subject effects

" in the zinc target. However, impact on a. zinc target heated to 250 °

i_.i__ C led to results qualitatively similar to the results of the experi-= ments with lead, tin, and cadmium. The thereshold velocity estab-

__:_ lished in these experiments again agrees well with the calculated
_. estimate (Table 4.2).

The threshold velocity measurement results obtained in experi- /230

..... ments with massive targets were confirmed by the results of a sepa-

rate series of experiments involving flat impact at the era of a

copper cylinder on thin (thickness about 0.i of tht, cylinder dia-

- meter) shields, fabricated from ]ead, tin, and cadmlum. II wa:-'

..... found that, if the shield material in the circular r'eL,icm _ub,],_,c'tecl

' f,(__ -- to impact loading remains solid after' impact, then in the fr ....

motion the front of the region and the _ragment:_ appear_r,g u],,r_1]t:_

" "1 C • "

r
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i , I

contour will have clear' outlines, llowever', if the matc,rla] melts

during impact ].oadin[_, it is found tha.1, in the l'r._:o motion t,h(_ front

-_:......... of' the region will become blurred and ,Jet flow w:[]l arise on the

contour of this region, which is subjected to lateral unloadinfs.

{[ _" Radiograms obtained in experiments with thin shields at differ-i

[ =._ ent impact velocities showed that, in fact, netr some velocity the_i_!_!_ behavior of the circular region, which is ejected during impact,

_" changes as expected. As an example of the experimental data, Figure

_:i 4.23 shows radiograms obtained in experiments with a lead shield at

subthreshold and superthreshold

impact velocities. We note that

the mass velocities at the front

i of the shock waves arising in the
_. lead shield during colliding body

_ encounter differ, only by 40 m/sec

_i-: in the experiments for which the a b
......: radiograms are shown in Figure

_ 4.23. Figure 4.23. Typical radio-
grams of copper cylinder impact

.... on a thin lead shield for en-
The threshold velocities counter velocities 1.2 km/sec

(a), and 1.3 km/sec (b); t_me
established in the experiments from instant of encounter in

' with the thin shields are pre- both cases is about 25 _sec

sented in the last line of Table i

_='*- 4 2 They are close to the calculated values, and also to the values

i which were determined in the experiments with the massive targets. 1

_. In these experiments, the threshold velocities were measured

only for the low-melting alloys. However, it is natural to expect

: that the residual heating of the tar[_ct metal after shock loading

:0_' and the subsequent unloading will obey the same relationship for all

_t.:. the metals. It follows from dimensional considerations that tl_s

: will be a relation of' the form:

,o ,(.1 <,,,,,)

i '[ /

I llll
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: whore A0 -c;,(T-T.) _ amount of heat l't_lu]t"ed to w;_.rm unlt m:_;;;_ of a

i metal with specific heat c from the in:itl;11 tempc, ratu_'e ']'0 I,o the'i P
_. temperature T; U --mass velocity in the shock wave which ]cads al't(.,r

. unloading to the given residual heatinF.; a -- sound speed in the

.- metal.

- Experiment [85] showed that in the dimensionless coordinate sys-

tem (_ _@) the calculated data [1, 4] actually satisfy a single

relationship (Figure 4.24)• As for the data of Table 4.2, which show /232

the residual heating up to the

.. melting point in targets made _ i "r

,.:. from low-melting metals, they o-C,

confirm this relation very _ .-Pb

well (Figure 4.25). _ ®-w''B_

/• -A[
o- Tt
m-Tt

_ This result can be con- =-m ,.

sidered proof of the validity _-Ag.zn _/a
A-Ho

of the approximate threshold _ A-TI, _
L -Au

velocity calculations, not 0-c0 .
O'Cr A e

only for the low-melting _-_

metals, but also for the re-

fractory metals. This con- _ __ _

firms experimentally the con-

clusion drawn above on the pos-

sibility of reliable predic- 0 _ _0

tions based on model represen-

tations of the results of the Figure 4.24. Residual heating
of va_,ious metals versus mass

collision of a sphere with a velocity in loading wave from
massive target of the same calculated data of [i, 4]

metal as the sphere for en-

counter velocities uo to (3 - 3•5)a. i

A very good ].llustrat]on of thc:;c con.,.,.,_,1s and c,-,nciusi,>n;_ur'<

the result_ <,i'_,_._,_-_rirrt(:_r_s_..,........ ":l_h.. ma_iv,,_ lead 1.;]I'cctJ, _d aluminum

who:it t_ickness ]_n_'r,,as_,d _-r:,du!_]j [.%_ ] The, _.xl,rirrt,,r_t_;
w_,r,-_' made with irrlI,a,-'t vcio_- [_,y "_ __.4 kr_JL'..,.::, ,.... .

2 %l!
I

....... "- _'" I
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" 4ill i "r-....

J t 2 Lu' _II1
:. .,, o • .[',_

- _ " * Ph /

_.0 .l

,2,.-
7 tO

: I# J

" 0 _ /0 t$
• Zo,rrffll

,,r-_ " 0 o.;'5 o,50 o,7_
u.

_ • a Figure 4.26. Total depth of

_ : Figure 4.25. Comparison of the
cavity in massive lead target

_-'i:" relation of Figure 4.24 with versus thickness Z0 of impact-

_ experimental data of Table 4.2: ing aluminum disk (i), and

• 1 --data of experiments with height of upper part of the
=-_"- massive targets, and 2 --data cavity (see Figure 4.21b) ver-

of experiments with thin shields sus the same parameter (2) for

---_-_" [85] encounter velocity V 0 _ 2.4

.. km/sec [85]

1.5 times the threshold impact velocity (_ 1.7 - 1.8 km/sec). In

._ Figure 4.26, curve 1 reflects the total cavity depth L c dependence

:_: on the disk bhickness _0' and curve 2 shows the dependence on the

_!. same parameter of the height of the upper part of the cavity _ that

part which is due to target plastic flow (Fi_. e 4.21b). The dif-

.... ference between the ordinates of these curves then characterizes the

_ thermal effect influence.

We see from Figure 4.26 that, for, an impact velocity exceeding

: considerably the threshold value, the thermal effects no ]on_er l-row:'

any influence on the final cavity depth when the dimenslc_r,z of th,_.

impacting body in the direction of motion and in the trunsw,rs,.

direction become approxlmately the same.

. It was shown in the preceding section that. t, no ,.,bt.ail_,.d m,_,t,/]]_L_"

..... ,.:uJ'_<: (l,'i;j;u_'c 4.19) m_-kec" it. p,:._s',_ibl,' t.,, F,_,f'm:,ll.v I,r':'4],:1. _< T,, ,: _I_

of collision o_ iron (st<:e/) and ,_]_:_',i]_um (dur'_l_m_]r_urr_) ;'.I !_' r,, ;'. w]l.b

................................................................. ;-:w;- ' " _ _ ' .... " "-"'" llll
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o

a massive barF, et of the _amc m(_tal an 1.h(_ [Ud_cr(, _ ).l (_ll_ Ol_Zzl, _.r vr_

citie_ of 30 - 50 kin/see. ,).Trice the_e vch)citJ(_s _-.x('ec'd con:;]d,_].','lb].y

I .. (3 - 3.5)a, it is interesting to estimate how _._i_nlf]cant]y the re-
suit of collision at the indicated velocities can dlffer from the

value predicted using the modeling curve of Figure 4.19.

Unfortunately, we can present here only ver,v general and purely

qualitative arguments, which reduce to the following.

The thickness of the target metal layer located between the

contact surface of the colliding bodies and the head wave will be

_: close to the diameter of the impacting sphere [86]. During unload-

_--,:_ ing, which will begin when the _nst_ntaneous cavity depth is approxi-

: mately equal to the diameter of the sphere, part of this layer may be
ejected from the cavity. It is quite obvious that this ejection for /233

_-i" final cavity depth L on the order of (4 - 6)d 0 (Figure 4 19), can
_.. C' '

| lead to increase of L only by a few percent
c "

_ However, we must recall that ejection of the material is neces-

_ sarily accompanied by removal of some energy, which under other im-
J

pact conditions is, in the final analysis, expended on cavity forma-

tion. Hence, it follows that the possible slight increase of the

final cavity depth, o,'ing to target metal ejection from the cavity,

" wiii be partial].y or entirely compensated or even exceeded by Lh_

_::. cavity depth reduction owing to energy removal.

!_,,: Thus, these qualitative arguments lead to the conclusion that,

for the processes taking place in the steady _tatc,, (or quasi-steady

-. state) flow regime, the estimate of the final cavity dc[_th using the

_.. mna_]ing curve of Figure 4.19, even for encounter velocltluc _0 >

" (3 - 3.5)a, will be close to the actual col]_:._ior_result, and ]_, any

,. case will not be too low.

..°

,o
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_ 4.8. li'al]ure of Metal Bod]c_ L)urln_

I "Short" Impact
I
i

The study of the flrst stage of defo_'mab]e body dynamlc inter- /234

action -- the stage taking place ip the unsteady regime _ is partl-

cularly important, since it makes it poasible to obtain interesting

information on those laws governing the process due to wave phenomena

[: and change of the thermodynamic parameters of' the colliding body
t.

• materials. An example of this are the results of' study of the ther-

mal effects presented in the preceding section. Therefore, it is

advisable to examine in greater detail the charac.eristie features

of the phenomena which arise in the massive metallic target during

"short" impact, for example, during flat impact of a thin disk on

the target surface (Figure 4.27a).

a b c d e

_ Figure 4.27. Schematic of wave processes

arising during flat impact of a thin disk
on a massive target [87]

At the instant of body encounter, there arise in both bodies

shock waves, the mass velocities at the front of which are determined

by the encounter velocity V 0 and the shock adiabats of the metals of

the two bodies. At the same time, centered unloading wave_ ar]s,

along the contour of the contact surface of thu bodlez. As a r,_sult

of this, the shock waves in both bodies will retain _ plan,_, 1'ronl.

only wlth!.n cc.._._eswhose apex angle i_ equal to -_,pr_JxJ.m_tc'l.V'[f_- '_)C)°

[9, 25]. In the target and diz,k volumc,_, whJ.ch uI1dc_%'JY., ut,.l,J:_d:,J;,l

!j, are bounded by .'__t,a;.'uL,;l;1_ surf,Ice (Fi_,ure 4.f7b), ,.

[ b,_L,h bod.ic;_ a,;quire a ra,i_.al (ln relation to th, dlzk .'_xJ") ',,,:Lo,'i_y

,_, coml_onent. At that l__ta._t, whe_ th(_ zhc_ck w'_.v(. _,r,.,i,:_,u_tJn_; :,_:',.,uf,_

) _ 'i t
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the disk rc;ao.ho_ Its fr,(._e J:,o;J.r s,_r,f"Jc<', :t t;_'I)t_.r',_d ulJ](),_l]tll'] w:Jv,'

u.lSo ar'[S_'s ori this set'face, and tho IJ_l]OfiCIJllf r, W;tV_.' Vc]Ot]J.I.v V_,<,.1,_.r'

wil]. coinc:lde with the vo]ou]1,y vector of' the sho_:k w:Jw:' pr'Ol,:Igal,]rJI",

:: through the target. In the d1,'_k and targ_,t volumes :_.f'fc, ct_,d by 1.hl:_

axial unloading (Figure 4.27c), the particles of both b()dic, s w]l]

' • c theessentially lose their, axial velocity component• Consequ..,ntly,

: metals of both bodies will be under the influence of tensile radl;J] /235

stresses in the volumes adjacent to this toroidal surface. We can

expect that under certain body encounter conditions, the target and

disk metals will experience failures under the influence of these

" stresses (Figure 4.27c - e)*. The cavity, whose formation is accom-

! pa'nied by fracture onset and opening, will obviously be characterized

by a depth markedly exceeding the depth of the cavity which can be

: created in a target under the same impact conditions, but whose for-

mation is not accompanfed by fractures•

i

_,_ In the experimer.ts of r87] conducted to verify this conclusion,
the iargets were massive blocks made from lead, lead-antlmony alloy

" (_ 3% antimony), cadmium, zinc, tin, and copper, fhe aluminum

str'tkers were plane-parallel disks of diameter d o = 15 nml and height

= 4 mm. These disk dimensions and selection of the cited metals

> :o.- the striker and targets ensured quite shoz't duration of the pulse

_;xperienced by the target (_ 1.5 _sec), and maximal approach of' the

i,: pulse to a _ shape (see, for example, [4], and a].so Figure 4.16).

iI! /_s an example of the experimental data obtained, Figure 4.28

i_ shows the results of the experiments with the tin and copper targets• verc_Js ]_llJ-
,_ in the coorainate system "maximal final cavity depth Lc

_: pact velocity V0" and Figures 4 29 and 4 30 ";how phul-.ograt>hs of /__ ,
'.if,

axial sections of the typical cavities de,..' ..h_]:,cd duz'i_.', tmpa<-t i_
t

these same tarI_c_,ts. In the experiments wi!h tar'i_c,t:;of th_ _,l.h_,r

- metals listed above, relatlons Lc(V 0) analo_ou_ I,o th,_s_.'',;h,_wr_i_

" *,7o_.,_. '._ovcnlent of' the colliding b(_dle:; is n_.,t '.;h_)w_ In t,'lff/_r,, 4,d7
f r' o_"_.I_..,' to simplify the d]agram.
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]"IguPc; 4.28 we.re, obta_.ned, :._nd
: d/l ..... I I I .....

• /' t|'l() 3.xi:l] f'r)ctioFln Of' the _ ,

cavltiea in the taPget_; made -'. _,

from these metals are similar to ,4

the sectionB of the cavltiez ,,

'_ :.... foPmed in lead (Figure 4.29). ._ ] /** *

"L_..... It is not difficult to see

!_ that the experimental data are 0 _00 ,ooo ,,_aa ;na_ 25oo

i in good agreement with the te-l ! suits of the above analysis. In Figure 'i28. Dependence ofthe case of interaction of finit_ _epth of cavity Ln,

I producea in lead (i) ana copper
. bodies in the unsteady regime, (2) targets in the case of a

_, beginning with some velocity plane collision by a thin alu-
. .... .... minum dlsc, on the encounter

!L-- which is unique for each target velocity V [87].o
metal, cavity formation is accom-

• _ panied by the onset

_ and opening of frac-

' " _-_i ..... tures. The cavity " _: _ i

: depth changes abruptly

at this velocity. It a b c d

is essential to empha-

size that fracture on-

set is independent of Figure 4.29. Sections of typical cavi-
ties obtain in massive lead target as a- the massive block

• result of aluminum disk impact with en-
- shape and size (if the counter velocities: a) 920; b) I000;
_ c) 1130; and d) 1700 m/see [87]latter is not less

that than some minimal

• dimension, naturally).

This means that frac- r,

ture formation is not

c' asscc_ated with the
o a b c d
- unloadin_ waves which

- arisu on the side and Vi_,ur'c 4. 30. ;',cottons _Jl'tyl,]cal c:_vl-
back surfaces of the tic':; obtalncd It, rn:t_;g_v,_, ,._oI,V,>r t:_:r';V_'t

:t:3_t r, ;_u]t <.)|' LLlUTTI]rjUrll (.J];'_k ]rri!J:J,'.l W]l.}j" block_.
e_c,)ut_t,r' waJc)_ItIc'_.;: :t) 9(;0; t,) J44();

<, - c) l[,;ll); "_,t d) ib'_(I m/,,:,_<_ [:';7i

': 7

,'t'#

I I
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". We need to examine son_e ,,[).ei_]_c fe,'xtur0e:, of th(_ c_lv;1t]cs

..... obtain in the experiments.

First of all, we note that, for _mpact voloclties of 1.7 - ].8

' kin/see and hlgber, the cavities in the lead, tln, lead-antlmony
Z

ai]oy, and cadmium targets have obvious traces of melting (Figure

i .... 4.29d). Since this effect was discussed (§previously 4.7), there

is no need to dwell on it here.

Next, we note the difference in the outlines of the cavities

formed in lead (and also in lead-antlmony alloy, tin, cadmium, and

i zinc), on the one hand, and in copper, on the other hand. Comparison

of the cavities shown in Figures 4.29 and 4.30 leads to the conclu-
[

sion that, in the first case, a conical volume of the target metal

is ejected when the cracks open up, while in the second case, such

ejection does not take place. This effect can be related with the

difference between the disturbance propagation velocities in the disk

and target metals. In targets made from metals with low sound speed

in comparison with aluminum (lead, lead-antimony, tin, cadmium, zinc),

for the selected disk dimensions the centered unloading wave, which

arises on the free rear surface of the disk, will reach the contact

surface of the bodies at an instant when the centered unloading wave

arising along the contact surface contour has not yet encompassed

., the entire contact surface. Therefore, in the subject targets, in

accordance with the scheme of Figure 4.27, some conical volume will

be separated by the fractures. In copper targets, however, in which

the sound speed is close to the sound speed in aluminum, at this

_._ instant nearly the entire surface will be encompassed by the unload- /237

ing wave which arises along the contact surface contour. Therefore,

the fractures in the copper target are located near the cavity axis

and are approximately parallel to this axis.

• In analyzirlg the experimental data obtained, it was shown [871]

that the relations established in the ex_ Piments with the, varlous

tar_ets correlate in the dim_m_ion]ess coordinate;; _Vt,, ,,tn!, wh_:rr_
!

.,.:.,,_, and h] u.r'e,re;_pectlvcly, the sound :3pced in the i,ur';_c_,m,..ta],

f

f 'f ()
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'' UI '"].t[; dc,_l'l[_Jt_ _11, IlOI°]ll;]...[ ]<r,cssur, u, '_nd d.Vl,n,.l.c ha.rdn<.:,:,; j,, t}-._c, m':,:_"_

velocity, which eharacfiezlzes the shock w.o.w)ar.lsinl_ du]"Jnl,]b_dy _n-

counter in the tar[{et; and t 0 Js the durat:lon o£ the ]:)_:'<.ssur_,pu]s_,

:: determined by the ratio of twice the impact,].ng disk l;h:lckn(.'_;_to t)_(., ]

sound speed in aluminum. The possibility of model J.nf_the dcucrlbed ,:ilo

.... process is thereby shown.

. ..,.. The above problem naturally leads to formulation of' the inverse
problem- the oroblem of impact of a body of limited dimensions on

_,_%- •

- a thin shield. While in the case of "short" impact, fractures

-_- (cracks) arise in the massive target, we would expect that, under

_i certain conditions of encounter with a thin shield (Whipple problem /238

_-"_ [88]), a body of limited dimensions would fracture completely.

It is not difficult to transform the scheme of Figure 4.27 to
_D

apply to the case of impact of the flat end of a cylinder on a thin

shield• The scheme is proposed and analyzed in precisely this trans-

"_/ formed form in [79]. On the basis of the analysis results, which

" are entirely analogous to the results presented above, the conclusion

_" is drawn in [79] that, after encounter with a thin shield -- as a re-

sult of interference between the loading and unloading waves, not /239
i

• only the cylindrical body, but also bodies of other form -- spheri-

....- cal, for example- will fracture•

Experiment confirms this conclusion well. Radiograms of the

> fracture of a cylinder and sphere after encounter with a thin shield*,

analogous to the radiograms obtained in [79, 93], are shown in

F_gures 4 31 and 4 32,.'" • • •

' We note the conical core which separates under the selected

collision conditions during failure of the cylinder (Figur.u 4.3]).

,,' The mechanism of the formation of such a core was expla:Inrd abovu

Experiments made by V. I'. Vaiitskly, N. A. Zlatin, and t]. M.
Mochalov.

;' 7]
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] l.......i I
i 1 ,

_31];1[)0_ O.t' tJ_o o,,'Iv].t,:[(2[; ",

f()rlTV2(] :[11 lll[IL_:1l VO lead

targets under thu ac:-

tlon of "sho1't" im-

pact (Figure 4.29).

a b c d
_ Analysis of the --._

problem and the experi- Figure 4.31. Seguentlal radiograms of

mental data presenced copper cylinder' (d o _ 15 mm, 20 = 9 _n)
failing after collision with thin cadmium

make it possible to shield (6 = 0.8 mm) with velocity V 0 =
consider that a thin

1.55 km/sec: a) 2 _sec prior to en-
shield located ahead counter; b) 17; c) 25; and d) 32 _sec

of the target will after encounter

lead to considerable
- : ..... ' < !b

reduction of the tar-

:. get damage parameters.

Therefore, studies [79]
were undertaken

_ whose objective was to

clarify what the shield

thicknes_ and its dis- J'

- tance from he t lrget ,!_

, should be for given ,IF

_,.: impacting body mate- " b c :_i_ d

_.::_ rial, shape, and di-

"_ mensions, in order Figure 4 32 Sequential radiograms of

_, that the target damage lead sphere (do = 9.4 mm) failing after

collision with lead shield (6 = 4 _ml)

parameters be minimal, with velocity V 0 = i.l km/sec: a) 7 Uscc

prior to encounter; b) 25; c) 46; and d)

_"_" As an example of 75 _sec after encounter

_!}. the data obtained,

_- Figure 4.33 shows the results of experiments [79], in wh-lch the im-

pacting bodies were aluminum spheres of' d:lamct,cr d 0 = 3.2 ram, and

(. b • r,tlle targets were massive duralu,11_num blJ{._,,_;dura]uminum sl_],2Jd'so I'

_, dlffercnt thickness 6 were ]ocated at the distunuc f '_ _31 mm :_bc:J.d

of the targets.

<..

'" 27 2
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I: +.......................] I +] ] +I I "..........................._:i: i

+

; The curves of Figure 4.33, LG"+'+I I
m " " and also the other experimental ",, I /

_: data [89 - 92, 94] indicate that: ,+

"v' .?

..... a) other conditions being

.,_ the same, use of the shield leads

"_":. to very significant reduction of ............_ .+. _ ""
•:.:< .... o 2.9 _ Z_ 10
]_<_::. the damage depth Lc in the semi- %.m/sec

:_ infinite target [79, 88 - 91]; Figure 4.33. Damage to system
"duraluminum screen 6 thick

the damage is less, the higher
°: massive duraluminum target"

the striker velocity [79]; (f _ 51 _n) by aluminum sphere

• (do = 3.2 mm) for various im-

b) between the shield and pact velocities: 1 -- 6 = 0;
2 -- _ = 0.13 ram; 3 -- 6 =

_: the target, the striker and target 0.40 n_m, and 4 -- 6 = 1.22 mm

.......i+ fragments travel within a cone [79]

+_I_L'+ with apex angle _ 60 - 80 °
,j;A"

11 "Z:: ' [89 i 91 ] ;

.... " c) other conditions being the same, target damage is minimal

.._ if the distance between the shield and target /_.+. 580 [90];

:L :

+"'_+ d) other conditions being the same, the optimal shield thick-

. ness decreases with increase of the impact velocity VO, and at high

velocities amounts to tenths of dO [79];

e) for' impact velocities above the threshold value, when the

striker metal and shield region ejected by the striker will melt or

vaporize, the target depth will approach zero with increase of the

velocity [79]; however, the impulse experienced by th. target will

- have a finite value under these conditions, and increases with in-

crease of the velocity [92, 94].

• Thus, the data presented in this section, along with the data

_i of the preceding section, have made it possible to identify very

interesting behavior patterns of massive metal Dodies and metal

'_"_. 273
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bodies of limited d:l.menslons under the ;ictlon of a sh_n;,t-te]:'m ].m-

pulse ("shoPt" impact). _t ha_ been _hown thal; these beh_vlor pat-

.... terns _-zre determined pr]m_r].]y by the wave phenomena, wh:ich :Irlse

" in the colliding bodies during their encounter.

.......C'"

f

. .<

,)

r 27;$
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00000003-TSG03



CHAPTER V

_ AEROBALLISTIC INVESTIGATION METHODS

§ 5.1. Preliminary Remarks

i In spite of the fact that wind tunnels are the basic tool for /241

studying supersonic aerodynamics, the aeroballistlc research methods

have taken on increasing importance in recent years. The ballistic

method is used with particular success in modeling transonic and

hypersonic flight velocities, and also when the presence of supports

is not permissible (wake flow, base pressure, and so on).

L_ Tests using free-flying models have required the developmcnt of

unique specific techniques which differ fundamentally from the wind

tunnel techniques. For example, aerodynamic forces are determined

in the wind tunnel by direct measurements, while in the ballistic ex-

periment the serodynamic forces are determined indirectly. There-

fore, the technique for determining the aerodynamic coefficients from

the flying model trajectory parameters constitutes an independent

branch of ballistics. In the last two decades, experimental ballls-

tics has advanced considerably. A large number, of ba]llstic stai_ds

have been co1_structed in which flight of varlous flight vehicles has

been simulated over a wide range of alcltudes. Here, it became pos-

•: slble to alter M and Re independently. Aeroballistlc tunnelz bare

_i uppeared in which the wind tunnel testing tcchnlque is c_,Inblncd wltl_

the ballistic experiment technique.

]
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/

At the pre_,ent time, the ac, robu]_ll:_t:|c metb__,(] :is w:1de]y u:;_r_l to

study :lc:rodynam:Ic and ac, rophy:_lv;t.I _:hara(.tc, rlstjcs orl mode]._ _f'

_-,.,.......,. vaviou_ fll1!,;htvehicles.

-L

In the present chapter, we examine various aspects of the aero-

" '- ballistic experiments: the operatln_ p:rlnciple and const_uction of

the experimental facilities, experiment planning, technique for /242
.J

<_ determining aerodynamic characteristics, the simulation region, and

also the results of some studies.

Because of the diversity of the material, it is not possible to

o examine in detail all of these questions within the space of a single

- chapter, Some of the questions are covered in greater detail; others

are covered rather lightly. Therefore, the material of this chapter

_" should be considered only an introduction to the aeroballistic

experiment techniques.

O

" § 5.2. Characteristics of the Ballistic Method of

Aerodynamic Investigation
t

Wind tunnels are the classical tool of experimental aerodynamics.

In many laboratories, wind tunnels have been and are being used to

study the aerodynamic characteristics of airplanes at both subso_lic

!, and supersonic speeds. However, the development of rocket and space

technology has presented experimental aerodynamics with a new task

,-, study of the laws governing the motion of bodies at hypersonic speeds.

" :' For many reasons, the use of wind tunnels for the solution of this

problem involves serious difficulties.

_ One such factor was the need for creating extremely htgh w,,rkln_

• gas pressure differentials. For example, when creating an air' str'_am

with M = 20, the losses in the tunnel chamber are so lar_ze that the

• ratio of the pressure at the tunnel entrance to the _,_................u_ ,_ ut the

• exit must be on the order of a million. Ill this case, It is rJ_,,J,._:-

sary to maintain in the forechamber a t_igb absolute air t,rcs:;ur,_',

t;"' reaching hundI'eds and even thousand[; of' atmospl,,:rc',;, .lr_ ,t,r_t___• lh.'_!



The new practical problems have led to the development of such

experimental facilities as the pulse, shock, and adiabatic tunnels

• and the ballistic ranges.

The basic difference between experiment in ballistic ranges and

experiment in wind tunnel is that, in the first case, the model is

'_ launched and is in free flight, while in the second case the model

devices in the tunnel working section.
is mounted on supporting

_ This fact gives rise to almost complete difference in the tech- /243

-i nique for determining the aerodynamic coefficients, the experimental
• methodology, and the equipment used. Each of these experimental

methods has its own particular characteristics and its particular

drawbacks, so that they do not in any way exclude, but rather tom-
i'

plement, one another.

The primary advantage of ballistic ranges for studying fliEht at

_'i hypersonic speeds lies in the possibility of simulating the actual
_-{,. stagnation temperatures (entha]pies), since at hypersonic _pceds the
:!,':I,8 "

:" stagnation temperature becomes just as important a slmu]ation pu.ra-

meter as M and Re.

].n addition, wc can vary M and R_, c(;mp'__ratively _,a::,]ly In l..l_u

ballistic ran_:cs, and it is e_::,,y to rcal]:;c ].,urKL' [I_' al _liKt_ M.

" ' tl_' l",lllF, cS It:iV" i _I'K_'I' V:t]_u_'L',. I ll:_I_ ]I wirul t il_iI_ I:;_ , v,,i,, l',_I' v,'I'_,,,



: In order to obtain this M in a wind tunnel, it is necessary to

preheat the air to 2500 ° K and provide an air compression ratio on

the order of 106 .

The disadvantages of the ballistic method include the following.

The model is usually destroyed after each firing, and it is more dif-

ficult to ensure the desired angular position of the model in space

than when using the wind tunnel. The forces and moments acting on

the models are determined by calculation from the trajectory measure-

merit data. Because of the small model dimensions, it is difficult

to locate the instrumentation within the ballistic model.

The essence of the aerodynamic ballistic experiment reduces to

recording by some method or other the flyins: model coordinates con-

tinuously or at sequential discrete points along the trajectory.

The resulting dependences of the model center-of-gravity coord_nato_

and angles of attack on time or longitudinal coordinate are the

basic data for calculation of the aer.,dynamic cociT_cientz.
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k:l.]omc, tc.i,_.,,_ to orl_ mc,t__I,. 'fhci: .I'_t_!I]ll,.¥ lJl:J.y bt, :J i._.:;1, i,: !11'i_. c;l' l,ll_ _

opc, n type,, l,l]c_ baPochalnbc_.' o1' :; ba.llJ_:'t:Ic :__tan,l, _)r. 1,1_. w_,J'l.:Ir0_ ::_',_-

t]o_l of ;3. w:l_nd tunnel or, :llJock tubt. wll,h _L _j_,:_.l_,.

_,o. _y,-,tem_ for decelerating and catch]n/!; th,-_ mo(],:l:; aP(, ]_ocutcd at

oo the exit from the instrumented bulli_tic rangt: sc_g[_cnt.

i . The availability of a high-velocity launcher is not _n Itself' a

sufficient condition for the realization of ballistic experiments.

It is necessary that the models not be damaged or deformed during

acceleration in the varrel chamber. When conducting aerodynamic

studies, it is also necessary that the model travel along a specified

trajectory, and in this connection it is necessary in certain cases

_, - to impart to the model a definite angular orientation at the _xit

---, from the barrel channel.

: Various technical model firing techniques have been developed

_ , in order to _atisfy these requirements. When designing and construct-

ing the models, we must consider the necessity for ensuring model
d_

strength and stability in f]ight.

_ '_ For illustrat_on, Figure 5.1 shows a photograph of model speci-
I @'
i-

• mens used for aeroballistic tests.

_-

!'

o

1

I,'[_;LII',' _.. l. \[:,!'_,U:: II!_,,_, I _;)_:lt,,,,,' I',,t' :_,,.I',,,I,', _ ,-
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" I ....I..............................
i _ I I I/ 1

!.... , i i , I

., ]_]XtPOJll¢'ly ). _).fl'_(-' i[¢);J(l f';i¢_l,()F'i' _ WJ)():;(:' llll]/_llJ 1;IJ(Jo:_ IIAUU, L _¢._ P.i]_WII

-___ii.... Whell do:;_ii_,ritrJ/1 tile, mc,d ],, act ori 1,he: nu_(]¢,| _1, LJv, mc_ilj_.,jll. (,J' I'Ii'llU",
_" ']'&klrl[_ f'or the a_alysJLS the BIrllj_]_s5 l&w of liiol, Jori witJJ cc_lj,,;,t,:Jil5

_" acocleratlorl, wo h_vo the followln)] COFl_lC, c.'tiol3 between the aeo. r_J,:I'a-

: tion A, velocity V, and barrel length Z:
VB

A =_r. (5._)

._ui_," Thus, the acceleration at the instant of firing will be defined by

_+:":_"_._' the square of the model velocity at the barrel exit. The greater the
'::_T_"

_, barrel length, the lower is the model acceleration for the same ini-
E:_: _ tial celocity. In reality, because of the fact that the acceleration

_2L_o in the barrel is not constant, its maximal value will always be

F greater than the value calculated using (5.1). In practice, the_:_ model accelerations during firing reach several hundred thousand,

i _=_' and even several million, times the free-fall acceleration g.
I

_- ' The following condition must be satisfied to assure model in- /2145

tegrity during firing: the stresses arising in the model because of

its acceleration must be in the model material strength limits. Ex-

perience shows that models deform or fail when the stresses in them

exceed the allowable static stresses• Damage to the base of the

model is most frequently encountered. As an example, we shall con-O

_._ sider the case when a conical model accelerating along its axis is

• made from homogeneous material:

O .

_o (5._)
• A ----_yj_.

.... The acceleration at wnlch damage occurs d_pend_ on the c.onu

length _ and the ratio of the allowable stress 0 to th,: matc_'_ai ,t_ _-

: sity Pm" Figure 5.2 shows the lflmiting allowabl,_, ad,,!_,J,_,r'otJ_)_la;; _

['unction of cone lu_gth and tt-u:, mod_:l m:d,_r'ial u.c I Wu _;,,,. _h.',_ _,,.

MA-4 ma_:nesium alloy is ti_¢, must "',' 1.,,_,.,._ t,:_b i,' mu ] :_].

[;uT' :.t Ck)rlC' _r) mill ]_)rl)_,_ l'tt] !its",' ,.,,','_Y" ",1 "l ],':t_l l"_'! _I' , ):,', , ,t-

11,_'_ 2 • iO t'. 1'h_' m,M_,1;." m:_y l':,i ] _.... _,.,r_ l,,w, _' :_,._', L, I':,; !,,r,,'

, ):. ()
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i

.['0[' O_ :LIIIJ)].O, bo_';D.IJ"(_ o1' ] u<_D.I ]O[;U,

of' stab].].lty, 1_)¢)I:' clu:ll 11;.V _)f' t}-l_ 0

b;j.rrc'l :[nlior' GL:LP:['D(2(:',;:_._HJ;'<) Ol'l., _.t,j__ M:.tf]H<?;t]tJ[ll ;JJJ,.)_/ MA-/t
,,1.c cl jOI,h,,A

3h9'___\ lhJr,.'_l_Jr.fa._)T,l]l_P;].]U.lll:11_LIm 1)-.l()']'

As for aorod,ynanic _tab_llt,v, _2 4('

to ensure stability, the model '_1°_

center of gravity _s shifted for- _I0'

ward by locating ballast in the _ 20 m _a m

nose of the model or lightening the _,lnm
Figure 5.2. Limiting allow-

aft segment. When designing the able load factor versus c(,ne

models, it is necessary to maintain length

definite relationships between the

aerodynamic forces and the model moments of inertia.

! In order to prevent model failure during its travel in the barrel

bore, the models are made somewhat smaller in dlameter than the bar-

rel and are inserted into protective casings, termed sabots.

The sabots are usually made from quite strong and light mate-

rials, such as resin-impregnated plywood, kapron, polyethylene, and

aluminum alloys. Figure 5.3 shows a typical polyethylene sabot in-

tended for launching small-

caliber models. Polyethylene

is easily stamped; because of

its plasticity, it may smooth

somewhat the action on the

model of the acceleration

peaks, and it seals the launch

gases well. In order to facl- Figure 5.3. One techn]qu<, for

litate separation of the loading mode] _nto cartr].dgc us-ing _abot s
models from the sabots, the

latter arc made from two

halves with a transverse ]ocKtng (]cv]cu',





_' 1.1_¢_ :_.__,z0c_d,vnal]]o. cot,f1 1._ lc,rll._', i,':ll',ul:'_' 5.5. :;how': :, 1.,yl_l,':)l j, ,,'_,l'dlJJl"

( i , . _.- )1. Lhr'f;c,-d.ill|C_rls.lc)rlzt] o;_c.]].].;J.toy,y metier, 1.3J t,l_: _,r'_JlrJz,l,_,'_: t,J_"],. (_1' /;'11;'.

" " :J.1;taek a ,'Zll(J ,"[d -,,1]f_'' :mr'..I.e [_,, Thr_ tc;cl-m:lquc l'¢J], _lt.l.c_:l,ll,:lrbllJ/,', 1.1J_.

- trajector.V p:uuuzj¢:tc.r., of f'].yl_ll.: bo_ll_:; w:J:: dl':_:u:'.':_,_l I_ !i 3.5.

a_ 12 ts

..... _ tO

" ( '
merit

--_ _ / -- -Const.t nVel°c'

._J_--_L..... 0 , :
"_1- _. m/see

='..-. Figure 5.5. Typical three- Figure 5.6. Typical recording
./ dimensional model motion re- of model roll angle variation

cording with time

o_ Either sabots in which the model is installed at an angle to

-_,..... the barrel axis, special devices _o the form of asymmetric attach-

,; ments on the muzzle which disturb the model motion, or other tech-

niques are used to give the model an initial angle of attack.

Figure 5.6 shows a recording of angular rotation in roll of a

finned projectile model. These data were obtained by analyzl.qg the

results of high-speed cinematography, conducted from the end section

of the model.

"" These examples show that the aeroballistic experiment involves

• determining the time-varying trajectory parameters of the rnod(_:l buin_',

studied. The forces which glve rise to this mot/on (or the, sou_ht

.... aerodynamic coefficients) are then calculated using tht: ,_,xp:'_s.;_,)r_;',

relating the motion characteristics w.it, h th,:,Lt_ro<Jyl_:_tlrlJ_c ch_l;','.tt'l _.'/"l'3-

tics. Sections 5.6 and 5.7 are dev_0t,_,dto fl:ind:l_l_ ttms,_, <'xl,ru:;::,]_ r_:;.

... Thus, In f,e_eral, in !.t](., b::_llt:,t!,' i_,v,:a;!tl,;:_l..t,_ ,,,,!h<,_, w,.

: solve tht, ['irsl, 'JWll[tlllJC[3 pl.'obl<_m- ,_,<,t,.,m_dt_it_1'}_, I'_,r,', ;; :_,'_ ir,_"

:T
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fl_c':]d:_ over']::U>, l)u:t'IrU,: i),'J:_sa.i,;_:_ 1,])_,()ugh I,}_.-. v:l.t.wlnt': I'I_I(_ ,,I' _,'_,,h

,(" _(,]:>h(][,o(Jalll(:'I',"]., 1. ho pl ]J(..tl.](_ :I[_ I)hotoj';I"l[)|)("(_ ::',:I_ tlIl}(', :,ll(J ['Ix :,:I }-

houctt(; imal:;<s of the []yinl; mod(_] ai,< _ obl;;J|rmd o,) (;;J(:_lJ I t_ol_,/:t:fl I,l,

plate. Area:Iv,is of l he photo:" or,

com[)a.l-,ato_,s makr_:: :It I,)o,ibl. 1;o .-_ /-]_eli

determine the model centcl-ol-

gravity coordinates and the loca-

tion of its axes in space. From

these data, we calculate the aero-

dynamic characteristics of the

model.

Since the air pressure and + , i!4

temperature in such ranges are

practically constant, the Reynolds Figure 5._. Interior view of

NOTS ballistic rangenumber will be a function of the

flight speed, and can be varied by

varying the model size. Consequently, for given M, the Re can be /251

varied essentially in the limits of one order of magnitude.

Table 5.1 shows the data for several research ranges [2, 3].

More advanced research facilities _ balli_;tic stands _ have

been developed in order to broaden the experimental capabilities.

The essence of the improvement lies in the fact that the segment in

which recording of the model trajectory parameters is carried out is

enclosed in a sealed chamber. A photo of such a facility can be

seen in Figure 5.9.

The use of barochambers makes rosslble conu!derablt_, cxpans:l,on

of the ballistic experiment l:].mits o[' the expcl'Jrnental capab_l.l_t,y.

By altering the pressur_ _ in the [arochamber I r(m_ s(_v(_ra] :_tmOsl_i){_r_ :;

to hundredths of an atmosphere, it is possible to vary Re in w_d(__

limits, and slmulatc flight co_dil, ions at var:lous a/tltud_';. U;;_

of the barochamber also ma.kcs it. possIb]t_ I;o conduct cxi_,_r:Im,.nt;;

ill (1_1 ;ItlllOSpht'rt' oi' var]otJs [,]/ts_:,_; (]_' _,;OS_:,)lll; Ill]Xtl/Th_/_.
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TABLE 5.1. DATA OF SOME FORIEGN RESEARCH RANGES

No. Organizat] on Constructed Length Section Additional data

i Aberdeen Before 1959 87 m - 50 instrument
stations

2 Aberdeen Before 1959 305 m 6.7x6.7 m -

3. NOL Before 1957 150 m 12x9.5 m 127 mm, 76 mm,
_ 40 mm cali-

bers

4 Canadian Before 195 _ 229 m - 76 mm caliber
We stinghouse

5 D:__'_. Before 1955 iii m 6 x 5 m -

6 CARDE Before 1958 230 m 6 x 6 m -

In ballistic stands _hich /252

are somewhat more complex in con- ___"_ !
struction, both the gas pressure j:_ ...... 0

and temperatur_ are varied. __a___ !!_

ballistic stand with barochamber, i __'[__'
For operating convenience, the _ ._ _,___ _ _ _mm_

model launcher is usually located :_ _j

outside the barochamber. A ___ _,!

vacuum chamber (sometimes termed
a receiver or silencer) is in-

stalled between the launcher and Figure 5.9. Barochamber of NOL
the barochamber. Its basic func- ballistic stand

tions are to suppress the shot

noise and block the (_river gas. In this chamber, the model separates

from the sabot, and the sabot pieces are trapped by special devices

(Figure 5.11), usually a set of diaphragms. In the silencer of more /253

complex construction, a local chamber with elevated air pressure is

installed in order to strengthen the effect of sabot separation from

the model.

286 _ l[
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Figure 5.10. Mockup of AEDC
ballistic stand !

Figure 5.11. Separation
In order to provde the desired con- of model from sabot af-

ditions in the barochamber, the silencer ter exit from launcher
system barrel. Model

is separated from the chamber by a film files through frame-tar-

! diaphragm (for example, a cellophane get, breaking the wires

film) which does not offer significant

resistance to model flight. If the presslre differential across the

diaphragm is large _ and it must be made quite thin, several dia-

phragms are used, between which stepwlse varying gas pressure is

established.

The barochamber, in which the model motion studles are made, has

an elongated form with suitable number of optical windows for model

photography and installation of the synchronizing and measuring

equipment. The chamber cross section is usually circular or rectan-

gular. Sometimes, internal positioning of the equipment, installed

in special pressure-sealed pockets, is used. The barochambers are

equipped with fittings for connecting vacuum pumps to evacuate the

chamber, or compressors to create excess pressure, and also a system

for gas supply and mixing of gases for conducting experiments in

media simulating the atmospheres of the various planets.

Figure 5.12 shows a ballistic stand for physics research, oper-

ated by General Motors. In addition to measurements of the flying

model trajectory parameters, this stand is used to make measurements /254

of the intensity of the luminous radiation behind the bow wave, gas

ionization behind the shock wave and in the wake behind the model,

287
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• model. The stand also ,l

has a special compartment "
_ A bunker is install eG "'<_,'/<_,<__".Z._,_,c at the end of the barocham- "
:. i_ !
-- bet to catch the models.

,- The bunker is packed with

_ retarding materials

(plastic foam, rubber, Figure 5.12. Schematic of GM ballistic>,_ stand for physics studies:

fiber packing, and so on) 1 m radar chamber; 2 m working sec-u

and terminates in an arm- tion; 3 m gas gun used to launch the
: model

ored plate.

Depending on the research objectives, the barochamber length

_ varies from several meters to several hundred meters. Table 5.2

shows the data for several ballistic stands.

" The need for the construction of large stands (length up to 300

meters) is indicated by the fact that, when conducting experiments in

rarefied gases, the influence of the medium on variation of the model

flight trajectory decreases. Therefore, in order to obtain signifi-

cant changes in the trajectory, as a result of which it is possible

to determine the aerodynamic characteristics, long hermetic chamber

lengths are required.

-_ ....... Figure 5.13 shows a photo of the giant NOL ballistic stand in

the process of construction.

.... We shall consider, as examples, two ballistic stands of the

A. F. Ioffe Physico-Technical Institute of the AN SSSR. The first

stand [4] has comparatively small dimensions, and consists (Figure

5.14) of a launcher, shot silencing chamber with attachments for

-. model sabot separation, and also the pressure-sealed instrumented

working chamber.

288
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.... :' [I tTABLE 5.2. DATA ON oOME FOREIGN RESEARCH BALLISTIC STANDS

No. Organization Constructed Length Section Addil,lonal data

1 NOL, White Before 1957 100 m 0.96 m 25 instrum.entation
_: Oaks s_ations Cali-'e

" bers 20 mm 40 mm.

_ ' Gas guns. Muzzle
.....- velocity to 5
..... km/sec

_-_.:- 2 NOL Silver Before 1959 300 m 3.05 m 25 instrumentation
_ Spring stations . Caliber

_ I00 mm. Gas gun.
: _ Muzzle velocity 3.5
i_. km/sec

," 3 NOL, Silver
:.- Spring 1959 108 m Working chamber
• filled with various

"_ • gases and their
....... mixtures

'.... 4 Ames Before 1956 61 m 0.45 x Gas (helium) guns 6
0.45 m mm; muzzle velo-

• city 5 km/sec

,- 5 iAmes Before 1959 152 m 2.4 m Gas (helium) guns 61
•, m long -- model 19
_. mm, weight i0 g,

muzzle velocity 7

I km/sec

6 Aberdeen 1957 13.7 m 0.76 m 5 instrumentation
stations. Stand

- with temperature
_- variation from
o i, -188 to +127 ° C.

Calibers, 7.6 mm,
12.7 mm, 19 mm;
muzzle velocity

• 3.6 km/sec

_ _ . Caliber 76 mm, _as ': 7 Convair 1960 I_ m 2 4 m
gun 20 m long. i

._, ...... Muzzle velocity to
• 7 km/sec !

8 AEDC i Before 1959 32 m 1.8 m Used to develop
' : equipment and gas

' i guns

" (Table continued on following page)
_:•.2
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TAL+,LI<5.2. (contlJ,.lt.'(I)

. ' ,' , ,-e Addit_on:_l datnNo C rganization' Con,,tzuut _d Length Sectl,)n

• 9 AEDC 1960 305 m 3.05 in aas gun, caliber
15.8 mm; muzz]o
velocity to 8
km/sec

l0 NOL, Wash- 1961 22.5 m 16 instrumentation
ington stations, gas gun,

caliber 7.6 mm,
, muzzle velocity

6.8 km/sec

ll CARDE 18 m 0.61 m Caliber 12 mm
[ •

i+ The launcher 1 is a re- /255

i volver-type mechanism on which
four barrels from 16 _n to 32

mm caliber are installed simul-

taneously. The barrel caliber

required for the given test is

selected by rotating the drum.

The drum mounting makes it

possible to displace the drum __

in the longitudinal and trans-

verse ( .ections relative to Figure 5.13. Giant NOL ballistic
the range center]ine, and also stand under construction

permits varying the elevation

and azimuth angles. Firing is controlled from the console 3. The

triggering mechanism of the guns 2 operates automatlcally af'cer open-

ing of the photo cassettes 13, which are mounted on the barocb_mber

and are controlled by a pneumatic drive.

Equipment located in the reg$on whu_'_"the model separatos 1'rom

the sabot makes it possible to shi_;]d the phot(_c]cctr(Jn_c in._tz'u-

ments and photo materials from the flash dur'itJ_ l'Ir'ing, and also 1

. serves lot _ catch].ni_ the sabot fza_;rn_nt,, and c.,.mI_r_crfl,'" i

,'9()

............. " _.T_. _ _mL_-_...+_._..'_._,-- _i .... II dill I II d I II HI _"
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'" i.. /.1 L I I.,.J-"'1-1- .... I -1 ........ ,
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•" - 1 "[7--- ' Hn :] :':_'.'; % -_' .,__. ",_.-.";J 8 It z_i ----.J _ ,l(.I L S. 3 , [-_.c-,_.-','. _ --_--

- l -. ............. , ,, # ..........

..... : Figure 5 14 Schematic of ballistic stand at
the A. F. Ioffe Physlco-Technical Institute

=_X of the AN SSSR

_ " On the shielding board 4, there are installed adjustable shut-

ters 5 which actuate under the influence of the gases escaping from

r ,:.... the barrel, and thus block part of the combustion products. After

_' passing the shutters, the model and pieces of the sabot enter the__ _-:/-

pre-evacuated shot silencing chamber. The ports at the entrance to

and v_e.._t from the shot silencing chamber are covered with an easily

ruptured film. When necessary, the shot silencing chamber can be

hermetically connected to the launcher barrel and to the stand work-

_ ing chamber. Downstream of the silencer is located the armored plate

' 6, which protects against fragments ricocheting from the edges of the

" opening in the shot silencing chamber flange.

I -

--_" The hermetically sealed working chamber is a steel tube con-

:_:_i sisting of eight sections. The section inner diameter is 300 mm,

_ and the length of each section is one meter. The sections have ports

_:" 12 through which the fl,ving models are photographed in a transmitted

_ light beam. The ports are covered by plane-parallel optical glasscs

• with rubber seal and rubber shock absorbers on the clampin_ flange /256

side. Two ports Ii in each section, in the form of narrow slots,

_j_:_=. permit passage of a narrow light beam to the photoelectronic multi-

pliers 8 which control the electronic synchronizing apparatus 7, 9.

When it i_ nc_oary_-.... to vary the pressure or co mposit'_cn_-of t}_: 6u_

in the working chamber, its end flanges are sealed by nonmeta]llc

•_ diaphragms.
.

") I

I II II I ill
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.... Two pairs of horizontal wlndow_; _rJd on(, pair of vc.rt;leal w:l.ll-
)ri,_oi' tho work;[n_ _, ch_tm-dows i0 are located in the flr_t .£'ou_, ;:_c, tlc -

ber. A pair of horlzontal windows amd a pair of vertical wlndow_; 15

are located in the following sections. Thus, twelve photographs of

_" the projection of the flying model on the vertical plane and eight

on the horizontal plane can be obtained on the stand.

The stand is equipped with shadow instruments 14 with parallel

- light beams and cassettes 13, mounted directly behind the glass

flanges which seal the chamber ports, or at twice the focal length

' from the auxiliary objectives.

Mercury thermometers and manometers are used to measure the para-

...... meters of the gas in the chamber. During filling of the chamber with

the gas, measurements are made of the gas density by the pycnometric

method, and the sound speed is measured using an acoustic inter-

ferometer.

Sequencing of all the operations when conducting the experiment

• is provided by automatic controls located at the firing console 3.

The large ballistic stand _

described in [5] has a baro-

chamber 18 m long and 1 m in

diameter (Figure 5.15). The

model is photographed at four- /258

teen sections uniformly spaced

along the length in two mutu- '_

ally perpendicular directions.

The maximum launcher caliber ,:.:._,_

is 83 mm, and the pressure in

| ..... the h,,-,oohamber_._can reach _-_I]_.c.,-. 5 ._...l_ _och_.mber........ r_r bal-

- iistic stand at the A. F. Ioffe

5 atm. Physico-Technica] Institute of
the AN SSSR

_t

29_'

_ ,,,,,, u I Jill IIIN III...... -- . .. ,a, i
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The st,lTlt"¢ ]_ ¢_oIi[']f]uPed w:lth :Ittt_Prl:l] :,.i,r,:_nl_t_l[lent c_[' Lh{, _lulI_-

mont for reeor'dlng model passagc, and i>hotol,;rat}hy. This c()nl'_lluPat:lr_n

.reate._ certain difficultle_ In ,_ervlclng thn _ fac]]:lty ,'u_d r_:qu]P(,s

: equipment protection from damage by the sabot fragments and the model;

however, it avoids the necessity for' using protect._ve gla,_3_es of largediameter and thickness, which are capable of withstanding the large

_, pressure differentials.

Table 5.2 presents data on some foreign ballistic stands [2, 3].

: § 5.4 Aeroballistic Tunnels

The next step in ballistic experiment technique development was

the appearance of the aeroballistic tunnels. Their operating prin-

ciple is based on firing models into an opposing supersonic stream.

In this case, the wind tunnel working section is used as the segment /259

in which the measurement are made. The appearance of aeroballistic

tunnels was the result of the need for experimental facilities which

would permit determining the aerodynamic characteristics of models

at hypersonic speeds. Prior to the appearance of the light-gas

launchers using powder drive systems, it was possible to obtain in

practice an initial velocity on the order of two km/sec. This pro-

vided M = 5 - 6 on the ballistic stands. In the aeroballJstic tun-

nels using the same powder launchers, it was possible to obtain

resultant Mach numbers of M _ 15. Thus, at the expense of complicat-

ing the. experimental facility configuration, it was possible to

increase the Mach number by a factor of two to three.

In this section, we shall examine various aeroba]listic tunnel

schemes based on launching models into a_ opposing supersonic stream.

The simplest facility is the aer,oballistlc tunnel for dctcrr,',In-

ins model drag coefficlents and the flow pat_ ;,rn ;irolJDd models [6].

Because of this narrow objective of Lhe facility, ]t can b<, c_,n-

_- structod with minimal dimensions. Thus, tJwe leIlgt, h ,_I'l,b' :;_'L_m<_J1

in which the model motion parameters are Pecordc, d is 1200 ms, al,d

thu maximal caliber of the mode]c, tes(,ud I:_ 15 ms. II_r_

....... ' ................. _l I'- I I I I II I II I
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• InstPumentatlon stations _ 1,No'. IOIIl]_Illlt]. |)(){;[]llJ].(_' lll_lllb(:P ]'OF (J('t(:J'lll:]rl-

irlF, the dI'n.l_ coefl':l.cJent _ a:Pe :l.ocat(._d :l].orl/.. tier' rnod_,l l:r:J,J_,_:l:_,r.,y.
& ;'

Fit_ure 5.16 shows a schematic of this aeroba/llstlc _,an;,/_.

: -

°  L2&'

:_ /-_1_ BR" ..... "" _Sect :--B-B Sect. A-A

i Figure 5.16. Schematic of aeroballistic tunnel
designed for measuring drag coefficients

;:i_!_i,.. The opposing stream is created in an intermittent operation

supersonic wind tunnel. The tunnel is equipped with three inter-

changeable nozzles 1 with flow Mach numbers Mf = 2.5, 3.0, and 3.5,

and exit section diameter 74.5 mm. Thanks to the use of high-pres-

sure (to 100 atm) compressed air, it was possible to construct a

tunnel for measuring C x with short working section 2 length (1800

_m). Deceleration of the air stream is accomplished in the subsonic

diffuser 3, and the air' is exhausted through the plw)t_ng elbow a

and ducting into the silencer shaft. Powder and light-gas guns ,)f
- C,.--

.. , .... o :t l "c.. 15 mm caliber are used as the launchers h. The launcH( `'." ]_,cut,:d

outside the supersonic tunnel in ordeP to provide easy :t<'ct,ust,,

them and operating convenien2e. The launchers arc install,:d un r,_-

- coilless mounts which p,_rmlb precise regular, loll f'or alining. A v:_'uum

chamber 6 is located between the launch(;r arid the wind 1,un_r,l in

order to attenuate the shot noise at,d b]_,ck the ;;::[buts.

2 _._4
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_AL'
....._. leatur(._ of the aeroballi;;tle tunnelOne of the. charactcriat.-Ic ' ' -

_'_" used for measuring drag coefficients is its aupersoni',; nozzle 7,

_ developed by O. S. Vorob'ev, wf:ose section has t_le form of a r, egu].ar /260
t',_@*.,

octahedron. A characteristic drawback of all aeroballistle tunnels

is the very small dimension of the supersonic nozzle throat through

7,_.,_. which the model must pass. Because of this, it was not possible to

..... use two-dimensional nozzles, which weuld have had a slot at the

throat. For equal throat area, the regular octahedron shape is pre-

' j,,.i_,,f ferable from the viewpoint of model passage through the throat.

With diameter of the inscribed circle at the nozzle exit equal to,:_, 74.5 mm and M - 2.5, the diameter of the inscribed circle at the

_ , throat is 44 mm and, for M -- 3.5, this diameter is only 27 mm. The

_g'. " nozzle section in the form of a regular octahedron is also convenient

_ for another reason. A characteristic feature of the aeroballistic

_ ranges is the long relative length of the tunnel working section.

It reaches several tens of calibers. At these lengths, the boundary

_ layer on the tunnel walls has a significant influence. With increas-

ing boundary layer thickness, the area of the section occupied by

' _-_ potential flow decreases, and therefore the flow Mach number decreases

,_-., along the working section length.

In order to ensure constant Mach number along the working sec- /261

":"_:_ tion length, it is necessary to provide boundary layer compensation°,

_ by increasing the working section area along its length 2. When

'... using a nozzle with octahedral cross section, compensation is accom-
_ plished by reducing the diagonal faces of the octahedron with gradual

transition from the octahedral section to a square (see section A-A

and section B-B in Figure 5.16). In this case, the side walls and

upper and lower walls 9 of the working section remain pairwise

• parallel, which is very convenient for locating the horizontally

and vertially positioned optical shadow instruments.

/ Figure 5.17 shows the Mach number distribution along the work-

.Ing section length of an aeroballistic tunnel without compensation,

and afler use of compensation.

29 b
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Still another char, ucterist:lc ._p
AM _ " , "

feature of the aeroballistic rang_. _ __ .... _ " ,._ i
OO ff

is the method used to catch the _i "o.

models. With a l_odel flight _peed _ "..
oa

of several thousand meters per _ "

second, they may cause severe damage Figure 5.17. Influence of
when striking an obstacle. Com- boundary layer compensation

on Mach number along aero-
pressed air is used in the fore- ballistic tunnel working
chamber'7 to provide conside.rable section length:

model deceleration, and the fore- • _ without compensation;
o _ with compensation

chamber is specially elongated for

this purpose. As a result, the

models decrease their velocity by 5 - l0 times prior to striking the

deflector 8.

Along the tunnel working section, there are located three in-

strumentation stations 9, which consist of a complex of electronic

and optical apparatus for shadow photography, synchronization, and

time measurement.

The basis of the instrumentation station is a schlieren instru-

ment with 70 mm field, through which the model shadow spectra are

photographed. Reference points are located in the photographic

field so that it is possible to measure the model coordinates (to

within 0.1 - 0.2 mm) from the picture. Photography is accomplished

with the aid of a flashlamp, with exposure time 0.2 _sec. Synchroni-

zation is provided by a light beam located in tne camera field and

directed onto a photocell. The signal from the photocell triggers /262

the flashlamp without a delay line. The time between photographs is

measured by an electronic chronometer to within 0.25 _sec.

Figure 5.18 shows the apparatus near the working section of the

aeroballistic tunnel. Figure 5.19 shows a schematic of the instru-

mentation of an aeroballistic tunnel used to measure drag coeffi-

cients.

_96
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After the wind tunnel

reaches the specified operat-

Ing regime, the pressure on _"'_

the working section wall J.s

: measured, and the model is

I" launched. As the model

passes through the working

section i, it sequentially

crosses the light beams of

the photo recording systems

2 of the three stations. The Figure 5.18. Arrangement

signal which appears in the of equipment at workingsection of aeroballistic tunnel

photodetector 3 as the model used to measure drag coefficients

'i ' _ _, 7

EC'I ,'.C2

Figure 5.19. Arrangement of instrumentation of
aeroballistic tunnel used to measure drag coef-

ficients

crosses the light beam travels by cable into the unit which controls

the spark light source 4. A light flash takes place, and the model

is recorded on the first station photocamera NI. At the same time,

the spark source light pulse strikes the photoelectric head PEH I,

consisting of the STsV-4 vacuum photocell and a cathode follower.

The electrical signal of the photoelectric head triggers the first

electronic chronometer EC I. The second station operates similarly

to the first with the sole difference that, at the same time the

first chronometer is stopped, the second _s started, and the ,,_ecend

is stopped by the flash of the light source at the third station.

_7

,t II
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• In an aeroballlztic tunnel of approximately an order u.f ma/_ni-

_udo larger _Ize [7], in add]tlon to drag, _t is posslble to measure

• several other aerodynamic characteristics: lift and pJ_tehing moment /26__3

•,.. coefficients, rotary derivative coefficients and so o_. Fl._ure 5.20

": shows a schematic of this aeroballlstlc tunnel. It is similar

..,.. in operating principle to the

[ _ aeroballistic tunnel described _ 2

_' above. However, there are =_,---_ .... ==:_

definite differences in the con-

_ 6 4"'I ]--!,._ " structlon. An intermittent '

1operation wind tunnel with ...._ - _C-_

,, rectangular working section _

0.51 x 0.43 m and length 7.3 Figure 5.20. Ames Laboratory

• m is used. The tunnel is aeroballistic tunnel [USA]:

equipped with two supersonic i _ compressed air; 2 _ verti-
cal optical stations; 3

- M = 2 and 3 two-dimensional launcher; 4 -- model catcher;

• nozzles The flow is created 5 _ supersonic nozzle; 6
, " horizontal optical stations; 7

by air coming from a forechamber working section; 8 -- exhaust to

•.... 4.8 m long at 6 - 9 arm pressure, the atmosphere

• The model catcher, consisting of

" a 0.75 m-diameter steel cylinder 2 m long, which is tightly packed

with fiber packing, is located in the forechamber. The launcher is

_:, located in the subsonic diffuser of the tunnel.
T

_' The dimensions of this tunnel make it possible to conduct ex- /264

_/il periments using perturbed model motion. As the models, having

-°_ longitudinal s_atic st_bility, fly through the working section, they

_ -' perform oscillations, describing a halfwave or a complete wave. The

," primary information in the form of shadow graphs, obtained by seven
b

vertically and horizontally positioned schlieren instruments, is

: used to calculate the aerodynamic characteristics.
u

While examining the aeroballistic ranges, we shall discuss the

technique for studying the flow around the model and determining the

aerodynamic characteristics at fixed angles of attack. The free-

' flying model is exposed to the approaching flow at some angel not

'_" equal to 0 or 180 ° to the model line cf flight. As a result of

_- 298
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I 1....I....1............I.....l.......1
O • !

_ comb]nlnz the mode], and stream

veloeit:les, flow around the mndel
vo

takes place at some angle of attack. _

-_._ " The model velocity relative to the __
•_ medium is equal to the sum of the k _

i_ model and stream velocity vectors. ___vf .......

_ We assume that the model does not

_ alter its orientation in space sig-
_ .. nificantly during the experiment --

Figure 5.2] Velocity tri..
_:_"_: for example, the model axis remains -"__::."_,_. angles for c_onducting ballis-

i_: at all times colinear to the model tic tests at fixed angles of
flight velocity vector. Figure attack

_:'::_',,..'• 5.21 shows a schematic characteriz-

ing the experimental technique -- the diagram for combining the

_" ' model and stream velocity vectors.

,o ....-- Here, VM is the vector of model velocity relative to the Earth,

.- Vf is the vector of the flow velccity relative to the Earth, V is

i.-_ ° the resultant vector of the flow velocity approaching the model,

'_ is the angle between the perpendicular to the local flow and the

stream direction.

_7 "$_.

" We see from Figure 5.21 that the angle a is the angle of attack,

_:ili_ since by definition the angle of attack is the angle between the re-
r -,_,F_ _' ,,

' ,_..,._.i sultant velocity vector V and the model axis.

_t_ - From the velocity vector triangle, we obtain the relation for
the angle of attack:

, (5.3)

. _:_ from which it follows that the angle of attack a depends on the ratio /265
of the model launch velocity to tbe approaching stream velocity and

o '_" the angle _, The angle of attack will be the larger, the smaller

_/ : the ratio VM/V f. For I"-_.1 the angle of attack has a maximum inl'f

299
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the region of negative IL values. Figure 5.22 shows the relation

=_-1(_ for various values of the ratio VM/V f.

From the velocity vector triangle, it is also easy to obtain

the expression for the magnitude of the resultant velocity V, which

will depend on the model velocity VM, the ratio Vf/V M and # :

_'-_'.I!'+(V.Y_--___°_._. (5.4_

Figure 5.23 shows the \ _rd-e8]....I ................----'I.............,Jous values of the ratio x 801 .]_..........

VM/V f. For negative /Z_vf_'l
I 7fTJ

values of 8, we have a j___1__._ ._ .__//_._

smaller resultant velocity ,li_._21_

V than for positive values. _-"---,--.,,

Thus, this experi- I - _
mental technique makes it I --____ i_

possible to obtain flow

around models at constant Figure 5.22. Angle of attack as

angle of attack. If we function of the launch angle _ and
the ratio VM/V f

make trajectory measure-

ments at three points, it

is possible to measure the drag coefficient and the llft coefficient

simultaneously in a single experiment, and therefore determine the

magnitude of the aerodynamic efficiency for the given angle of attack.

Still another aeroballistic range variant has been proposed for

simulating the aerodynamic processes involved in flight vehicle

entry into the dense layers of the atmosphere [8]. The operating

pzlnciple of this range involves launching models into an opposing

stream in a long supersonic nozzle. Since there is considerable

flow density variation along the length of the nozzle, it is possible

to simulate model flight with conditions close to full-scale, when

3O0

. • . I II Ill •

O0000004-TSB02



the vehicle passes /I _ ,i'_"I_--_\......

through various layers ] ._ 7" _i ..........
as it enters the atmos- -_- -

, fjg
rarefied to dense. In / ..... "-, .... !........... ,,.,_,

_

this case, the super- 1 _
sonic nozzle is used I_i___ _.=:._--_

not so much for creat- "_/1___
ing the flow, whose

velocity is an order of

magnitude less than the _ .........

m_del velocity, rather, _//

it is used as a gas-

dynamic range which o°"_ -7o-_o-_o-_n-zo-_-,oo ,o ;n ._o _o _o _ _ 8o--'

makes it possible to

create an air medium Figure 5.23. Ratio V/V M as a function

with given distribution of the launch angle _ and the ratio VM/V f

of the density and

pressure along its length.

In order to realize this modeling principle, it is necessary to

use light-gas launchers with muzzle velocities no l&ss than 5 km/sec,

which corresponds to the entry velocities of ballistic rockets de-

signed for flight ranges of 3000 km or more. In order to simulate

the lower layers of the atmosphere from 0 to 30 - 35 km, it is neces-

sary to create a density ratio p/p 0 in the supersonic nozzle on the

order of 10-2 . This ratio of the density in the forechamber and at

the exit section of the supersonic nozzle holds for a nozzle with

Much number M = 5. The model is launched into zhe stream in the noz-

zle along the nozzle centerline. The supersonic nozzle is designed

so that the density variation along the axis obeys an exponential law.

In practice, the facility is arranged as shown in Figure 5.24.

Between the high-pressure vessel and the vacuum receiver, there is

a supersonic nozzle with a large number of windows for' model photo- 1

graphy. The model catcher is located in the forechamber, and the

3O]
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launcher is located in

the vacuum receiver. The _/i_4 _ __

total flow duration is _i_= ..... _- ........._-_:_"--

_. about one second. The %_]- _.!_z_--m_--_......_oomm........._9_mm._8
" aS

air is heated in the fore-

chamber to prevent con-
Figure 5.24. Aeroballlstic tunnel for

densation. The nozzle simulating parameters during atmos-

' has a smooth expansion, pheric entry:

in order that the flow i --- high-pressure air supply; 2
recuperator preheater; 3 --model.

not differ markedly from catcher; 4 -- forechamber with P0 =

o: one-dimensional flow. i0 - 15 atm; 5 _ quick acting valve;

The facility is equipped 6 _ window for photography; 7 _ fly-
....,:. ing model (diameter 8.5 mm) in window;
4h" with apparatus for re- 8 ._ gas gun barrel; 9 _ exhaust into

vacuum chamber, i0 -- asymmetric or
,.. cording the trajectory

, :; square nozzle.
parameters and spectro-o

- meters.

..... Figure 5.25 shows a photo-
! q

: " graph of this facility

• _" A combination of a shock

..... tube and light-gas gun launcher

has been used to increase the

gasdynamic parameters markedly Figure 5.25. Photograph of
[9]. While it was previously aeroballistic tunnel for simu-

lating atmospheric entry para-
possible to obtain an increase meters
of 600 - 700 m/see in the velo-

city by cooling supersonic flow

_' in a wind tunnel, the use of a shock tube with nozzle has made it

possible to obtain a velocity increase of up to 4000 m/see. These

high parameters have made it possible to conduct experiments under
t ....

conditions in which the intramolecular processes manifest themselves

.... significantly in flow around models.

A schematic of such a facility and its model are shown in Fig-
_ I

ure 5.26. The facility consists of a shock tube, supersonic nozzle,

long working section, vacuum receiver, and llght-gas launci_er,

3O2
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1 ............-t l..........1............ T "

pressure Shock Test l_Light-gas
_,_,_._u--- _UDe i_ozz-e sectionl gun

., _I .............. .,, ' I.......... l........ k I_ \ _
J&

...... a /"_A 11

c_ ,..-'..,
_mm

z "_

i_o i' A

.: Figure 5.26. Gen_ 'al view of Ames Laboratory shock-
ballistic tunnel (a, b) and its model (c)

a, b) ballistic tunnel schematic:
1 m driver gas chamber; 2 -- working gas chamber;

...... 3 m nozzle; 4 -- intermediate section; 5 -- working

........ section; 6 m vacuum chamber; 7 -- gas gun; 8
_,_ " fast-acting valve

_ .- c) schematic of shock-ballistic tunnel model:
"_ " i _ high pressure chamber; 2 _ diaphragm; 3

shock tube; 4 _ working section, 5 m shock wave,_ attenuatio_ chamber (shock wave exit); 6 _ gun bar-
' ' rel; 7 _ first compression stage; 8 _ light-gas

_,i__ ' gun; 9 _ second compression stage; i0 m setup for
_=._,.. shadow photography; ii _ spec.tral radiation pickups;
.... 12 _ nozzle for M -- 6; 13 --- nozzle diaphragm

r
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which fires against the stream in the working sectlon. The over0a]l /208

length of the facility Is about 70 meters. The shock tube hll_.h- and

low-pressure chambers both have Inner diameter 152 mm and length

12 meters. The pressures In the shock tube reach 1400 atm. An

axisymmetric supersonic nozzle wlth deslgn Mach number M = 7 Is used.

A light gas system with deformable piston is used as the launcher.

The launcher piston chamber diameter is 57.2 mm and its length is

ll m. The barrel caliber is 12.7 mm. The model velocity reaches

10,000 m/sec.

Because of the short duration of the shock tube operatlon,partlc-

ular attention in designing the shock-ballistlc range was devoted to

ensuring synchronization.

Figure 5.27 shows the working cycle of this combined range on a

time-_istance diagram. Range operation begins with ignition of the

powder charge of the light gas launcher. After six milliseconds,

Dashed region defines flow
existence time

_,Flow breakdown

Model flight \ _ " "60
at3.7
, ,/ sl.

_0 I \ _ _2_; _Flow initiation

ZO \e_ \ _D-" Min. model velocity for test.
<___% _/'_ w. flow over entire work.

.'0 "@_%_.__ /,/_ sect. length- 1.2 km/sec

......,o -0 -_ _0 gO

_ -/i'_-_._.k_ ......... _Distance {m)
i Gun barrel

_ _ _o
I _ ,_ ,._ r-_ ._._

_h_ o _ o o_._ _

Dia-

phragm

Figure 5.27. Operating cycle of the shock-ballistic tunnel

the gas mixture (hydrogen, oxygen, helium, and nitrogen) in the I

shock tube high-pressure chamber explodes. A hole is punched in the

diaphragm insta]led between the high- and low-pressure chambers, arid

thc diaphragm bursts. The tr'_ve]1ng _huck waw) compre:_se:; t. hc _r',

30 4
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_, - which then discharges into the supersonlc nozzle of the shock tube.

_'_° With flow velocity in the range working section equal I;o 4000 m/:_ec,

:- a Mach number M = 7.3 is provided in the nozzle, and the air dis-

charge time through the nozzle is 18.8 msec. The regime in the work-o.
_.__: ing section is established as this section fills with the approaching

_ : stream, and is recorded when the static pressure reaches the design

_ light-gas working cycle terminates when the
value. The launcher

_ flow is established at the end of the working section and the model /270

: enters the working section. Breakdown of the flow in the tunnel

working section takes place after passage of the reflected rarefac-

. tion wave. The model flies through the working section approximately

5 msec prior to breakdown of the operating regime. This time margin

_} is necessary for reliable shock tube operating process synchroniza-

_o tion and light-gas launcher triggering. This coordination does not

_, _ cause any particular difficulties, since the operating time of both

components of the facility is characterized by repeatability to

within one millisecond.

Phot ographs of various I_ '_ _

INTI
shock-ballistic tunnel com-

l

' ponents are shown in Fig,

ures 5.28 and 5.29. Figure

5.28 shows the high-pressure

,,j . (background) and low-pressure

chambers of the shock tube.

In the open hlgh-pressure

chamber, we see the mechan-
ism for punchJng the hole

in the diaphragm.

Figure 5.28, Photograph of shock-
ballistic tunnel pressure chambersFigure 5.29 shows a

"- photograph of the shock tube

working section taken from the nozzle end, and the il eptical sta-

tions for' shadow photography of the model. We see in the back-....

_\±. ground the vacuum receiver, beyond which there is the li[;ht-_as

launcher.

............ "7 .............. I I II I I I
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§ 5_5. Gasdynamlc _ar.meterz of Ba]l]stic_

:- _an_es. Modeling Re_lol,

_ The existing high-velocity launchers make it possible to obtain /27;i'

quite high model flight velocities. Therefore, aeroballistic ranges

j: have found application for simulating flight regimes in the range

from transonic to hypersonic

velocities. A characteristic

feature of the aeroballistic _
... range is the possibility of

_' obtaining high values (and in

:. the ballistic stands, both

o" high and low values) of the

• Reynolds number. In order to

picture the requirement for

,_ : modeling with respect to M

_ and Re, let us examine the, regions of values of these

_:5 parameters corresponding to
..

the motion of various flight Figure 5.29. Photograph of shock-
ballistic tunnel working section

vehicles along their charac-

•" teristic trajectories (Figure

"" 5.30). We see that M up to 25 and Re up to 107 and higher are re-

quired to simulate the flight of vehicles descending from orbit and

<_---_ of intermediate-range and long-range ballistic rocket nose cones.

. Figures 5.31 to 5.34 show the parameter variation regions which can

._j_.. be obtained in the various aeroballistic ranges. The Reynolds number

for the ballistic stands (Figure 5.31) was calculated for models with

• diameters from i0 mm to i00 mm. The pressure in the ballistic stands

varies from 0.i to i0 ata. We see that for a comparatively hlgh

, static pressure (i0 at a) Rc up to 108 can be achieved when us:In_

i00 mm-callber launchers. But even with small calibers (i0 ram) and

:. normal atmospheric pressure, Re- I(I_ _I(t7can be obtained wil,h M -IL-2_I.

In wind tunnels, the Reynolds numbers which can bc obtain_:_d <,t these

• high Mach numbers are lower by two or three orders oi" madnil, u_l_.,

?-

306
T

,, t __-- i I ii i| i
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In' ,..,,<l _| , at a_.._:,._

'o,

5 ,'8 t5 20 g5

Figure 5.30. Modeling para-
meters with respect to Re _ ....... "0 t 2 3 ,_ 5 6

and M for flights of various V, km/sec
hypersonic flight vehicles:

Figure 5.31. Re as function of
1 -- airplanes; 2 -- long- velocity, pressure, and model
range ballistic missiles; diameter for tests in ballistic
3 _ medium-range ballistic stands
missiles; 4 -- aerospace
plane; 5 -- orbital vehicle

_e.lO"

__,- / I

3 ,. I I

M_u " "_ "- / I I/ ,/'." I -1

0 , • , , , I (

Figure 5.32. Re versus M t, --/--1_'.5 Ifor tests in the Ames 4__-....-+-_', , _--

Laboratory aeroballistic ¥. _'II_ _ I
""tunnel

,_.o qrt-_,_:11 ,-__.....

Figures 5.32 and 5.33 show _" _7._I

the modeling regions of a large

aeroballlstic tunnel [7] and a Figure 5.33. Re versus M for
tests in aeroballlstlc tunnel

small aeroballistic unnel [6]. designed for measuring drag
We see that both facilities have coefflclenc

Reynolds numbers of the same order

of magnitude, and even in the small tunnel they ere lar_er by 2 - 3

times. The primary factor affecting Re in this case is the pressure

in the tunnel forechamber. In the large tunnel, the operatlr_g

O0000004-TSB09
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• pressure range i_:6 - 9 ate, while _e
- ,0' I"I?"_

in the small tunnel the pressure in __q,t,',_km/se',the forechamber can reach i00 ate.

Figure 5.34 shows the region L_I_ [_--[/_ t-

,. m_i-. , _.Vkmlsec, .-- of Re variation of the shock-ballis-

_<'_°_ tic tunnel [9, i0].
-..

When modeling hypersonic flight Figure 5.34. Re as function
• of resultant velocity V_ for

regimes, particularly, there enter tests in shock-ballistic
new modeling parameters, associated tunnel

• primarily with the stagnation tem-

_ perature.

Beginning at some value of the stagnation temperature, the gas

i is no longer ideal. Phenomena such as excitation of the vibrational

i ZC degrees of freedom of the molecules, dissociation, and ionization,

• accompanied by radiation of the gas, manifest themselves. In order

i '" to study these phenomena, we must• introduce new modeling parameters, ,/27_

i _ including consideration of the nonequilibrium process characteristic

.. time.

i. Since complete modeling can never be accomplished in practice

in an aerodynamic experiment, the problem becomes still more compli-
i_k-_

cated at hypersonic velocities with the appearance of a large number

of parameters. Therefore, before conducting experiments in ballis-

tic ranges, it is necessary to select the definitive modeling para-

' meters as a function of the objectives being sought.

...... We mentioned previously that the aeroballistic tunnels provide

_,,, broad capabilities for achieving hypersonic velocities. Their

._i operating prJnciple is based on launching m_dels against the super-

sonic flow in the wind tunnel working section. The fo]low_ng ,_x-

_ pression holds for the resultant Mach number Mm:

' L (5.5)

M= Mf ! ,,f,

~

............. ..... _, ,_, , .... II II I I IIIIIII III I II I III I
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_. where Mf is the Mach number of the flow ;In the w].nd tunn_] , V :I",,

;,:.- the model flight velocity, a.f is the sound ,j)eed in the tunne] work-

;,, ins section.

.,_ . Thus, high resultant M_ are obtained in the ael,oballistic tun-

%._/_. nels, first, as a result of combining the velocities of the flow and

_ . the model and, second, as a result of reduction of the sound speed

in the supersonic wind tunnel working section because of cooling of

%_,_,_ the air as it passes through the nozzle. In the aeroballistic tun-i:_!_,'.....

_.__ nels, the gas cooling,effect is obtained, so to speak, "automati-cally", while in the ballistic stands the use of a quite complex

_f_"" system for cooling the gas is required.

• tion of model velocity for several _/

._. Mf. We see that even for low launch .-

9_ !. velocities, about 2000 m/sec, in the o , --2----_- _ _ V.km/sec

__,_ supersonic nozzle designed for M = Figure 5.35. Resultant Mach

number M® versus initial
_.; 3.5, the resultant M_ = 15. For model velocity for tests in

launch velocity 6000 m/sec into an aeroballistic tunnels

_ opposing flow with M - 2.5 - 3.5,- the resultant Mach numbers reach thi_. or more.

Usually, the aeroballistic tunnels are constructed so that the

model passes through the nozzle throat. This condition limits Mf,

since for excessively large values of Mf, the throat area w_ll be /275

inadequate for model passage. On the other hand, the minimal flow

stagnation temperature is selected to avoid condensation of the air.

We must also keep in mind that, with increase of Mf, the flow density

•- in the working section decreases markedly, and the force action of

• the medium becomes too small for the existing instruments to be able

to determine the aerodynamic characteristics with satisfactory

.... accuracy. With account for all these limitations, we find that the

" optimal nozzles in the aeroballlstic tunnels are those w_th M :

, 2.5- 3.5.

3!)9
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Using the known formulas:

we can represent M in more general form by an expression _n terms

of the flow parameters Mf, T O in the wind tunnel and the model
flight velocity V:

M'_ _'--Mr I ;;;-_'°- (5.6)

or

M_ =: Mf-]-Mo |/_ + Z_- • M_, (5.7)

where M 0 can be interpreted as the model flight Mach number in a

medium corresponding to the gas state in the forechamber.

Figure 5 36 shows the relation !• I

M_ = f(Mf) for various values of M 0. _"

Thus, M_ will be larger, the larger the _l

flow Mach number _.(Mf)and the model / J

velocity V and the lower the flow stag- to /_¢.._._

nation temperature in the wind tunnel.

0 A_ 5 _ _oMf

Another distinctive feature of the
Figure 5.36. M_ versus

ballistic ranges is the possibility of Mf for tests in aerobal-
listic tunnels

obtaining large Re values, which can

exceed by several tens of time the Re

values which can be realized in wind tunnels at the same Mach numbers.

This is achieved primarily as a result of significant reduction of /276

the static density of the flow in the wind tunnel at hypersonic

velocities.

High Mach numbers are achieved in aeroballistic tunnels with

comparatively low flow Mach numbers when the flow density is still

high. The Reynolds number formula for the aeroballlstic range

has the form:

310
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The first term corresp_nds to the Re number of the model at zero

flight velocity, i.e., for conventional wind tunnel tost_. The

second term is obtained with account for flight of the model w_th

,: the velocity V relative to the Earth.

U_ Expresa.ing R_ in terms of' the stagnation and wind tunnel flow
z'_,_ parameters, we obtain:

Mo .

('+-T- (5 9)
° .

_ Here, p was calculated from the formula _==c_' . The relation Re =

i __ F(Mf) is shown in Figure 5.37.
}

The stagnation temperature TT on the model in aeroballistlc

tunnel experiments can be represented by the following expression

in terms of the wind tunnel flow parameters:

r, I+ (_--J)Mf "Mu+ _--i .M_.--= 2 (5.10)
Y' +--_--. M_

f

_,_, For model velocity corresponding ___._
_,,_: = '_ _I_o
_ . to M 0 0, we find that the stagnation

temperature on the model is equal to

" the stangation _emperature in the
::. ballistic range wind tunnel. The de-

pendence of the stagnation temperature "F_ _-i _ _f
-.. TT on flow Mach number Mf shows up in

Figure 5.37. Re versus

_. the second term of (5.10). It is not Mf for tests in aero--
. ballistic tunnels

difficult to see that, for large value_

- of Mf, the temperature is independent of

the flow Hach number. This fact can be seen in the graph of TT =

f(Mf), shown in Figure 5.38. Figurc 5.39 shows TT versus M 0 for /277

aeroballistic tunnels. These calculations of the stagnation

3]i
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temperature were made under the a[lsump- _nl' ._"_ .............. _M_-I
. tlon that the working gas uned _n the _-[/

ballistic rangen _ a perfect gas. Un-

_ doubtedly, in reality, the absolute __ZZ__________M,/_
• "' stagnation temperatures are lower. 0 _ _ _ mMf

_.. However, the high stagnation tempera- Figure 5.38 Model stag-eL.,. •

..:, ture level (several thousand degrees) nation temperature versus

"_;_' favors the use of ballistic ranges from Mf for tests in aerobal-
_:_,_ listic tunnels
_< the viewpoint of modeling the processes

taking place in flow about full-scale _ _'6_ / _

__._ii_!._..: hypersonic obJects. For these stagnation _' 7/temperatures, the ballistic experiment basi-

_,..:i reflects the which 5cally properly processes

_ :- depend on viscosity variation with tempera-

- ture and manifestation of the real gas

properties• 0 i z _ _

Figure 5.39. Model
_.. Still another characteristic property stagnation tempera-
, ,.. associated with the ballistic ranges is the ture versus gener-

alized parameter M 0=_:. low value of the temperature factor. During

the ballistic experiment, because of the very

_ short experiment time, the model will not be heated to a significant

• degree, and its walls will essentially remain "cold" in comparison

with the high stagnation temperature, which will correspond to the

• full-scale flight conditions.o

§ _.6. Technique for Determinin_ Dra_ Coefficient

. In artillery firing range practice, the simplest technique for /278

•.. determining drag is the method based on applicatien of the kinetic

_ energy variation theorem• This theorem says: the increment of the

°-_"_, kinetic energy of a material point over a finite path segment is

- equal to the sum of the works of all the forces acting on the point

along the path segment. Thus, the velocity V of the body in cuestion

- must be determined by one method or another at two points of a ructi-

- linear horizontal trajectory in order to determine, the drag force.

_ 3i2
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Writing the klnetlc energy equation for the trajectory segment

x, and bearing _n mind that the work of the gravity force is equal

_o to zero_ we obtain:

• mV 2 •

2 _-.= C. Sdz, (5.11)
Q

where C,_--S is the air resistance force, V 0 and Ve are the initial

and end-_elocltles on the trajectory segment x.

We remove the expression for the resistance force from under

the integral sign, replacing it by the average value over the trajec-

tory segment x. For this, we assume that the drag coefficient Cx =

const, and that V remains constant on the trajectory segment x and

equal to Vav = (V0 + Ve)/2. Then:

m pS Vi X.
-E(V$ - V_)=-c''-f" av (5.12)

Substituting the expression for Vav into (5.12), we obtain:

4m (vo--T%)I (5.13 )
C'=es (vo+ Vel";"

The basic drawback of this method is that it does not determine

the drag force at any definite point, but rather its average value

Gver some trajectory segment. The calculated average drag relates

to the average velocity Vav, which is also a source of error.

The numerical differentiation technique is somewhat more pre-

cise, but also more laborious in comparison with the method based on

• using the kinetic energy theorem.

On the rectilinear horizontal model trajectory, we note the

sequence of points AO, AI, ..., Ak, equidistant from one another at

the distance h. The model flight times to the points AO, Al, ...,

Ak are denoted by to, tl, t 2, ..., tk. The times of model travel /279

between the noted points are known from experiment:

!-
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Afo: _t I -to,

AtI -_ tz .... t1,
Q • • • • I •

At_.j _ t, _ tk1.

This means that, as a result of the experiment, we can formulate a

table of At:=1,(z), with step equal to h. Differentiating numerically,

C 5)we obtain the table of ---_1:(x), and then the table of V=/_(x), since:

V a= ('at,_-_
=-_Z=k_-_) . (5.14 )

In order to determine the drag at the points A0, A l, ..., Ak,

it is necessary to differentiate numerically the tabulated function

V_A(x).

tdV_dY
Having the tables of the values of _-_-x)_=!.,(_, it is easy to

formulate the tables of the values for C_:I6(x).

Then, for the point n:

I 2._ i [dV_

c,.= (5.15)

or, considering that:

dV dV dz dV V
• -_--=-Y_-_T-=-J_--' ( 5.16 )

we finally obtain:

c-- _.T_ k_z/,- (5.17)

The advantage of this method lies in the fact that, fin a single

experiment, we determine several vlues of Cx, and each pair of V n

and Cxr_ values corresponds to the same trajectory point.

The disadvantage of the method is its complexity, and also the

need to use numerical differentiation of the tabulated functions,

which is, in itself, a very delicate operatflon and can lead to large

errors in the case of careless handling of the tables.

314
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in order to avoid the inexact operat:Lon of numerical dlfferen-

tiation when calculating the drag coefficient, let us examine the

method based on integrating the equation of model motion under defi-

nite assumptions in regard to the aerodynamic drag coefficient. In

this case, we obtain easily visualized analytic expressions relating /28_____0

the drag coefficient with the experimentally mea_tured parameters.

For greater generality, we shall examine the motion of a body

launched into an opposing stream. Then, we obtain the results for

motion in a quiet atmosphere as a particular case, setting the velo-

city of the approaching uniform stream equal to zero.

Let a uniform stream with velocity Vf and density P approach

along the abscissa axis, whose origin is fixed with the Earth, and

in the opposite direction let there approach a body of mass m with

cross section area S and drag coefficient Cx = f(V). The initial

model velocity relative to the Earth at some point and at the moment

of time t O is equal to V 0 (Figure 5.40).

The velocity of the resultant flow ap- _ ---

proaching the body at the point x 0 and

at the moment of time t is equal to

0 ! --------.

VO0 = V 0 + Vf. 4.t, ,

_. t2 _

The equation of model motion in the _,to
axis system fixed with the approaching

uniform flow will be: Figure 5.40. Illustra-
tion for formulating

a', C,p,_ (_ the problem of calcu-m-a_i_=_ _ _...' (5.18) latlng model drag coef-
ficient in aeroballis-

where the following relation holds for tic tests

the flow coordinate xf:

+ (5.19)

Let the law of drag coefficient variation with velocity have

the form:

_15

•................ __i ".;, ; , ,
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Then, for velocity V equal to the initial ,_ _-

velocity V00, the drag coefficient will oe __equal to the initial value Cx0. For e = 0,

•" we have the case when Cx = Cx0. For e > 0, XX_--

the drag coefficient decreases with de-

• crease of the velocity• For e < 0, the drag r

coefficient increases with reduction of the e_/_

='_ .. velociby. A plot of the relation (5.20) _Y_

_"_ is shown in Figure 5.41. o _

Figure 5.41. Rela-

•_ Thus, setting dxf/dt --V, we inte- c, I(_,-)tion ¢,--[=
_,, grate the equation:

• dl: .__kT_dt ' (5 21)i _'_- "

_" where / 281

pSCt.
k=_---_-- (5 22)

-_:-'_ is a similarity criterion, whose physical meaning we shall examine

below.

.- After the first integration, the body velocity variation with

time (tO = 0) has the form:

1'Im

v : [_+ c,---:-__" (5.23)

- For _=-I, (5.23) has a singularity, and is expressed in the form:

°_,. V= e_'--_'v'_ (5.24 )

: Integrating a second time, we obtain the variation of the

flying body coordinate with time:

I

xf : _111+(_-_-_)x
• :,, i',.,_.t_'_'+_)I}. (5.25)

9_
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Substituting (5.19) into (5.25), we obtain:

i
" :+'-W;{II -I-(<_+ I) ×

• Xl',j,'t] '_C'+'>-l} - l',,t. ( 5.26 )

The points a-=.+-Oand _ .....I are singula._ points of the Solution

,. (5.26). To find the solutions of the equation of motion at these

•. points, we expand (5.26) into an infinite series:

I (V,o#t _xf =_ -]-v#_c_+_.+_-t.'_/at3+..+(-1)'+'x

X ("-'}-'2) (2=-{-3) .o.[a(n -2)..l-n+-ll V_,t,± ). nl ........ (5.27)
y.

The case _=0 corresponds to the solution ¢,=¢,+=eonst. Letting

" _ in (5.27) go to zero, we obtain the logarithmic series: /282

- i (l',,$t- i - t: xf = .-g _ I'_ok2ts+ _ l_ook,sts -- ...

...+ (-I).+,_'v_t.+....):_1,,(t_v_t). (5.28)

I In the Earth-fixed axis system:

I In(l+V_,_t)-- Vft (5 29)i + X -"- _ .

i_- Now let us examine the case when _=--I. As _- $D�ˆSeries
! (5.27) becomes the exponential expression:

= i(Vd_ t , ,X,-,. .-g t - _ V,oJ:=t=F _ v_Jct,-.+.

- ...+ (5.30)
or, with account for (5.19),

t (1 + e-_.a.)-- .z= T Vft (5 31)

Thus, (5.18) has three different solutions: power-3aw, logaritb_nic,
?

• and exponential forms, Depending on the value of _, the power, law

solution may take the form of various expressions resulting from

- (5.26).

..
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Table 5.3 shows the solutions of (5.]8).

TABLE 5.3

Logarithmic solution

I
"_==0 2_= _In(_+ t,_kt)-Vft

Exponential solution

i -. --vf,

Power law solution

I

.>0 x= T'd{l_ + (a + l)vo#:l'/¢'+" -- _} - vf,

--t<[.<0 X=kl=l 1 [_q(l_l=l) Vo@a]l,[,O__ --Vf_t

| a<-I z--/_t=l{t-lZ-(I,,i-l)voJ, tlr'I'<t_f-'_-v£.t

Thus, these analytic expressions relate the model parameters m /283

and S, the flow parameters p and Vf, and the experimentally measured

quantities x and t with the drag coefficient Cx0.

Now, let us examine in more detail the important case of motion

when the sought drag coefficient is a constant quantity [Formula

(5.29)]. We note that in many cases this assumption is satisfied

quite exactly, since in most cases the model deceleration is not

large, and consequently the velocity decay in the segment required

for measuring Cx is not large. Moreover, in many cases, particularly
at hypersonic speeds, the drag coefficient is a weak function of

velocity. Thus, following (5.29), we have for the case Cx const:

Z:: _-- Ill[']_----2_ [ PSCm '(V O }_ Ill) t }- I] . Vft . (5.2 3 )

We cannot obtain from this expression an exp]iclt relation

q'x /(x,t,m, _,S, V.,, Vf) in exact form. Retaining quadratic terms in

the expansion of (5.31), we obtain th_ foalowing approximate

expression for Cx:

318
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g-- In thls expression, Cx is considered a function of several lndepend-

• ent parameters which must be measured experimentally.

In the numerator of (5.33), there appears the difference Y0t--x,

which, as we shall see later, is a very important characteristic of

. the motion. This difference is the lag in distance during the time

t of a model experiencing the resistance of the medium from a model

•i whose velocity is constant and equal to the initial velocity of the

first model. We exclude time from the expression for this differ-

: ence, which we denote bu b. To within second order terms, we obtain:

!.

: Returning to the expression b=Vot-z , we replace therein t in

• accordanc_ _itn (5.34). We obtain

" _'_ _ (5.35)

" , Thus, b depends linearly on the parameter k, the square of the

distance, and the velocity ratio Vf/V 0.

'" Let us turn to a more detailed explanation of the nature of the

!_ parameter k. This parameter appears in the basic equation of' motion

_ and in its solution. The model motion trajectory will depend on the /284

value of k. We shall see in the following that its value also has

"_-" a significant influence on the drag coefficient measurement error.L

" We shall hereafter term thecoefficient k the deceleration parameter.

.%

.- The physical meaning of the parameter k is that it is propor-

• tional to the model deceleration resulting from the action on the

model of the drag force of the medium at the giw_n f).ight velocity.
r,

r In fact, if we denote the deceleration by A, it follows f_'om

_'i (5.18) that:

.,._ A =k__.

.. We can also show the physical pararl,eters on whlcl_ the v_lu_,

_. of k depends. For this, we rei_-_,"_ni, it,:,, ex '_""

'u " "
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where the referred length Z is selected from the condition that the

_._ product of this length by the model will be equal to the volume U of

_ our model (i.e., l_UIS ). Then the expression _,]------_.is simply the

density of the material from which the model is made, or in the more

;_ general case, if the model is made from several materials or has an

internal cavity, ON is the model structural density. The expression

for the deceleration parameter is written in the form:

t p C=
< E-T'

• with the dimension [_"1" Thus, the deceleration parameter is propor-
tional to the ratio of the stream density to the model structural

density and the drag coefficient, and is inversely proportional to

i ..... the model reduced length, which depends on the model shape. For

_ : example, in the case of a cylinder, its physical length will coincide
_ with its reduced length, 7.-I. For a sphere, the reduced length is

.._

for the cone the re-equal to 4/3 the radius of the sphere, l ..... _-1 ,
1

' duced length is equal to 1/3 the physical length, I _=71 .

Since the deceleration parameter k is a universal similarity

parameter, it is not necessary to vary all the quantities on which

it depends in order to change its value. This is very convenient,

since we cannot always alter without limit the magnitudes of the phy-

= sical parameters which determine the deceleration parameter. For /295

example, the density of the medium, determined for a given tempera-

ture by the static pressure (the pressure has an upper limit based

on strength), and the densities of the materials vary in a limited

range, and the model structure is directly related w_th its stren_3th.

,,_, Figure 5.42 shows the velocity decay as a function of the de-

celeration parameter and measurement base length. Figure 5.43 shows

_! the relation x = t(t, k) (5.29) _ the second _nte[_,ral of (5.18).
_ i Also shown for comparison is the curve x = V 0 t of uniform motl_n

_5
_0
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(k = 0). For w_rious values of the para- _7, ^._,

meter k, there is a family of curves _J _
• .....which differs from the uniform motion --. -_ --

curve the more, the larger the para- _1 _,,
meter k. |_...................

Now, let us examine the question of

determining the drag coefficient from Figure 5.42. Relation
.--_ ,f (._,k)

experimental data. Solution (5.32) con- r,,

tains two unknown quantities: drag coef- _.

ficient Cx and initial velocity V 0. 7. ............................ ,-o//_

r Generally speaking, in experiments con- _0_

ducted to determine the drag coefficient,

V 0 is not given and cannot be measured _ _l cidirectly, since this requires determina- % _" m/se

tion of the instantaneous velocity at a "- _:_0m/sec

point, and measurement of the velocity

on a finite base for the case of large k __',_ ........ __
t, sec

may lead to significant errors. Thus,

foc the two unknc_ns C and V 0, we must
x Figure 5.43. Relation

write a system of at least two alge- _-_,,_),

braic equations (5.31):

Xflk = h,(I+ V,_kt,).}
xf2k :In(I+ F,,#t_,). (5.37 )

The system of equations (5.37) corresponds to the conditions of

the experiment in which time measurements are made on two bases hav-

ing different lengths, and the initial reading is taken from acom- /286

men point of space. In this case, the intial model velocity is the

same on both bases (Figure 5.44).

We potentiate (5.37):

................ _:" ..... . ..... , , '11111 • I ............ II I I
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,._ • xflk!_i_ 1 + Vooktl = e ,

- xfak (5.3_)
=_/_ I + VookY 2 = e .

_'_< We multiply the first equation (5.38) by t2, and the second by tl;

i after subtracting the second from the first, we obtain the expression:
t2 t2 Xflk xf2k

' -- - i = -- e - e . (5.39)
t I t I

Another equation is obtained by subtracting the second equation

r- (5.38) from the first:

Xflk xf2k.___= to_(4-t_= e - e (5.4o)

Using the equalities xf - x + Vft and V00 = V 0 + Vf, we can

write (5.39) and (5.40) in the final form:

..... '1 --Z[ (5.4i)

it [e_(',*'V,_- _k(,,_%,,)j__vf.Vo = k (t, --t_)

This system of equations serves for de- z

- termining the drag coefficient Cx and the / 6z

initial velocity V 0 in terms of the measure-

• ments t_, 4, z_, _:2, the model parameters S and z,

: m, and the flow parameters p and Vf. 41
•. The first equation (5.41) does not

Figure 5.44. ll-
-_ contain V0, and the equations can be solved lustration explalrJ-

: independently, initially the first, and then ing the oaramcter b

the second, containing V 0 and Cx. The initial

velocity V 0 is expressed in explicit form from the _econd equatioI_

" (5.41). As for the first equation, It cannot be trarlsI'<_r'medI.,_,:J

322
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; form exprest_ing Cx explieltly, and thu dra}_ coc,£f]elt:nt must l>r,

found by numerlca] of graphical solut:Ion el' thl;: equation.

Expanding the exponential functions into a serif)s, we can l']nd

:_ _ the approximate expi:_slons for, Cx.

""_ If we retain quadratic terms in the expansion: /287

iii ,, (5.42)

(, : 4,, ti- xi -x_
. _.t -- _,_" 12 ---"

If .._ (,_

If we retain third-order terms in the exponential functionexpansion:

tt

4m _ z I _ z_

C.,_-- pS tX X
tl(_i+ vfq)"- (=,+ 1"fti)'

x _+_- fT. .... ,-T7......... -_ •
m_- ('' + ,fh)"-.-(,., ._-_i.,_),] ( 5.4 3 )

If C depends on the velocity in accordance with the monomialx

power law (5.20), the problem of determining the drag coefficient

becomes more complicated, since in this case there are now three un-

knowns: Cx, V 0 and _. The time measurements must be made using

three independent bases (four pictures), and the system for deter-

mining the unknowns will consist of three equations.

Let us examine the error sources and evaluate the C measure-x

ment errors. We shall use the simplified expression (5.42), which

is valid for small va]ues of x. The following parameters must bc

• measured in order to determine the drag coefficient: model mass m,

characteristic area S, stream density p in the wind tunnel workinE

_ section, velocity Vf in the wind tunnel working -_ectlon, length of

.......... the first x I and second x 2 [,ames, the time the m,_,d:-:,]travels tb_,

r
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flrzt base t I and the _ocond baue t 2. The mf:_a_lurementoF e:_ch of

the_e parameters will be made with some error, which depend_ or_ the

measuring instrument and the experimental c_onditlona. Let u_ see

how errors in the measured parameters influence the erroc in the

magnitude of the drag coefficient.

We obtain the expressions for the errors by taking increments

of the drag coefficient with respect to the various parameters of

(5.42). It is easy to see that the error in C x will depend linearly

on the magnitudes of the error in the measurement of the mass m,

flow density p, and area S:

-m (5.44)

_,-(7_jp± _±= j: ;,;_,= _ (5.45)

r (5.46)

We can also obtain more complex expressions for the dependence /288

of the Cx errors on time, distance, and velocity. Omitting the ele-

mentary calculations, we obtain the expression for the error in CX
for the distance measurement error gx:

aC'a== ,,(I -- ,,) b,_' (5.47)

here, n = ratio of the shortest measurement base to the longest
i

measurement base n x,.r:.. The expression will have a minimum for n --

0.5. In the denominator of (5.47) there is the parameter b 2 --the
i

distance decrement, whose magnitude is defined by (5.35). Thus,

_'Cx will be inversely proportional to the deceleration parameter k

and, what is most important, to the square of the facility working

section length x. Consequently, the geomc,t1'ic parameters (facilit.v

working section length, location of the windows for' model recording)

and the instrumental error of the instrument used to m,_a_ur_ the'

distance Ax I will have considerable influence on the drag c__,_.,t'li'Ic:I_rJt
error.

324
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The expression for the error ,;F',,is --the dra/_ coefficient

measurement error as a function of the time moa:_uromorJfi o:r°r'or_ bftf;

a simi].ar form:

' -- vo at,. (5.48). 8(.,',,1#_ _± . l_ - n). b,_

, Comparing the expressions for the time and distance errors

under the condition:

. . we obtain the equality:

Az

:" _t=--,. (5.49)
-., , .... -'0.!

' " i.e., for the given distance measurement accuracy, the required time

!" /i measurement accuracy will depend on the model flight velocity,
_- namely: with increase of the velocity, the requirements on time

measurement accuracy will become more severe (see § 3.6).

The error in C x owing to inexact measurement of the flow velo-

,._. city-in the wind tunnel has the form:
o

-- _ _. (5.5oi
_i : AC'lvf- r,, F rf

_:,::/_:i. and, consequently decreases with increase of the flow velocity.
i• v

_)_. The expression for the total differential dCx, referred to Cx, /289

....:)._; :- yields the total relative drag coefficient error:

- , + Ar+,.,,,',: at,'. = + _n -F _- A:, 2

' + ' a,,] (5.51)___3 !,,, Jl" n (I --n) b, n 11 n) b,,
. •

The factors 2 which appear in the time and distance error ex-,.

_ :] pressions are used here because of the fact that, in the process of

_,: deterraining Cx, the base and time are measured twice.

.... P _ F

..... _ ...... _.... - I Ii]11 I II I I
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. 9'tom this ana].y_i_ of' the e,_t:|mu.l,o, and the measur_;m(_.nt c}r,r,r_r,,

we can extract practical recommendations on me_.t_'u_"clnenl; of' the par-

° ticular physical parameters, l,'orexample, it is clear that model

__._... weighing should be accomplished with acauracy to tenth_ of a percent

•" of the weight, so as to practically exclude in the cxperlment the

error in Cx from inexact mass measurement. The formulas presented

" above make it possible to give detailed recommendations with respect

,_: to the other parameters as well. Certain errors depend through b

on the measurement base length and the deceleration parameter k. It

is convenient to use this circumstance in designing facilities of

this kind. If the measurement methods are not sufficiently accurate
to ensure determination of Cx with small error, this error can be

: reduced by using a longer work._ng section or by changing the value t_

_-. of k _ for example, by increasing the static pressure.

_,,," Returning to the method based on use of the kinetic energy change _'!

_ theorem, we shall indicate a more exact formula for determining _,he

_. drag coefficient in terms of the initial V 0 and end V e velocities

<" . . : const--- on some segment x. Using (5 23) and (5 29), for the case Cx

and Vf : O, we can obtain:

.. l'i;_ CA.z

" ' (5.52)
Hence,

2m ! I'_

_ p._' ; [_' (5.53)

:_ _

' . This formula is more exact than (5.13), since it was obtained

under only the single assumption C = const. Formula (5.13) for
!;,_ X

,-, (-
determining Cx can be obtained from (5.53) if, in the expan_i:m of

V0/V ein into a series, we retain only the first term.

In conclusion, we note the studies [ii, 12], in which methods

i are described for calculating the drag coeff'iclcnt from tra.jec.tory

: measurement data which are based on use of (5,53) and provide deter-

J6___ mination of Cx w_th any desir_d approximation accuracy.

326
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§ 5.7. Measurement of Other Aerodynamic

Character_tlcs

" In addition to the drag coefficient, the ballistic method can /290

be used to determine any other aerodynamic characteristics, since

-. the aerodynamic forces and moments determine the model flight traJec-

_ tory. For example, drag causes model deceleration, lift causes model

__._,- deviation from rectilinear flight, and pitching moment causes angular

acceleration relative to the model transverse axis. By recording the

_' model position in space at known time intervals and thus determining
o,

._' the model flight trajectory, we can obtain the basic information for

calculating the aerodynamic characteristics. Various methods of

: mathematical analysis of the measurement results (which were examined

o _:: in detail in the preceding section) for determining the drag coeffi-
cient have been developed for this purpose. The development of the

° " methods for complete analysis of the experimental results constitutes

an independent branch of the methodology.

In the general three-dimensional motion case, we write out a

.... system of six equations for determining the three forces and three

..... moments. Then we seek the solution of this system of equations. The

•_ solutions obtained relate the basic trajectory measurement data ob-

' tained from the ballistic experiment with the sought aerodynamic

_ • forces and moments. In order to use partial or approximate solutions,

the experiments are conducted under conditions in which we can uti-

lize various assumptions which simplify the problem _ for example,

• the assumption of two-dimensional model motion, ]inearity of the

aerodynamic characteristics (small angles), absence of dampJng, and

others. In this case, the calculation simplifies significant].y.

0<7 Another approach to solution of the basic system of equations

- is representation of the sought aerodynamic characteristics by

.... approximating expressions with arbitrary coefficients, so as to

• satisfy the basic system of equations. In many cases, such an

_ : approach can be used with success; however, the solution may not

be unique.

3;_7
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As an o.xample of aerodynamic oharacterl_tle determlnat_on, wc

shall examine below the very simple problems of' flndlng the lift and

pII,ehlng moment coefficients and the characteristics associated with

model rotation.

We have mentioned previously that the lift force can be measured

from the model flight trajectory curvature. We examine the flight

of a model performing pitching oscillations relative to a position

with zero llft force. We assume that the oscillation amplitude is

limited to the region of linear variations of the lift force and /291

pitching moment, so that the oscillations follow a sinusoidal law.

For simplicity, we consider undamped oscillations:

a = z. sln 2=/:, (5.54)

where a -- angle of attack, aM _ angle-of-attack oscillation ampli-

tude; f -- oscillation frequency.

Since the lift force:

y =cp_-S --_-sz, (5.55)

then, withaccount for (5.54) and (5.55), the acceleration normal to

the trajectory will also vary sinusoidal!y:

d2v _ y _ C_, W
_-- _----_-PT Sz,,._i.2-1L ( 5.56 )

Integrating this equation, we obtain the variation with time of the

model center-of-mass position relative to the transverse coordinate:

C_p_ Sa.
t/= ., _2:¢)" sin 2=It. ( 5.57 )

The derivative Ca of the llft coefficient with respect to angle-of-
Y

attack can be found from (5.57), and the experimentally measured

oscillation frequency f, angle-of-attack amplitude aM , and the

quantity y -- the displacement of the model center-of-mass m along

the ve"'tical. A typical trajectory measurement record in the experi-

ment for determining a M and y is shown _ Figure 5.45.

3_8 1
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Under these same sssumptlons, it is not difficult to obtain

the connection between the longitudinal static stability character-
o

istics and the measured trajectory parameters. In fact,

__ dsa]
, M,- ._._,, (5.58)

• but, since:
ds_

then,

?

:, where H z --moment about the transverse axis; Jz --moment of inertia

_' about the transverse axis; q- velocity head; _ --model length.

" Hence, the slope m _ of the pitching moment coefficient versus /292z

• angle of attack will depend on the oscillation frequency f and the

i moment of inertia Jz about the transverse axis:

. (2r.I_I.
• m::- q,_l (5.59)

• From the found values of Ca and m _
_" : y z' we can deter,mine _he stability

: margin:

," Xcp Xcg = I'_.

• where x -- center-of-
_ I" C P

pressure coordinate, and i! _
'_ Xcg -- center-of-gravity °__--__5_-7--_

<_:,, ecJ _ t,msec

: The possibilities of

, determining the rotary
Figure 5.45. Typical record of angle-

derivatives: roll damping
. of-attack _ and model center-of-gravlty

coefficient ._[',_and con- coordinate variation in the plane dis-
turbed motion case

trol surface effective-

:- - ness coefficient ,n_, can

be illustrated by the following example, in which we examine the

. 329
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p

'" flight of a model of a particular miszle with rotation about its

longitudinal axis. In this case, we can use the following rotational

motion equation:

Y*_V "" _'"" "_-' (5.61)

.. where Jx -- moment of inertia about the longitudinal axis; _ _ roll

angle; 6 -- control surface deflection angle.

_, Expression (5.61) defines the angular acceleration as a result

of control surface deflection and aerodynamic damping. The solution

of this equation is an expression of the form:

,_ ,_ _ T_ C_+ C_t + C_l-°,t, ( 5.6 2 )

_" where CI, 02, C3, 04 depend on the experimental conditions and the

magnitudes of the rotary derivatives m _x and m 6. Although the deter-
X X

': mination of the sought coefficient m x and m x is possible in prin- /293

° ciple, it is a very complex operation.

-_ : Since there are two unknowns in (5.62), we must write a system
" of two such equations, and then find the sought coefficients.

For simpler determination of the sought coefficients, it is

• better to reduce the problem to two limiting cases. In the first

L.......i.. case, we proceed as if the term m _ in (5.61) could be neglected.

" For this, the test model must have zero control surface deflection

angle. Then, the equation of motion takes the form:

d_
•" 97"m? = ;=d-]z' (5.63)

and its solution is

,. '[ _ '"J" e :,,,,,,, "-t-7,. (5.64 )
.t

.
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......................................rI.................I ....' ,
°0. This expression conta:Ins a _].ngle unknown sought roll damping coeffJ-

_ ".... cient m_ x. Having the experimental record of' y = f(t), we can easily

_ ¼determine mx with the aid of (5,64),

: _ it is necessary to make a model with_. In order to determine mx,

_.- deflected control surfaces, and launch it so that the angular rota-

will
tion velocity will be small, and so that the term containing mxX

_. 6
be neglibly small in comparison with the term containing m x. This

experiment can be planned with model launch from a rifled barrel with

model rotation in the direction opposite that imposed by the contro]

surface deflection. Then the model rotation slows down as it leaves

_. the barrel. The experimental conditions must be selected so that
model rotation stops near the middle of the working section. The

following equation of motion holds for these experimental conditions:

"4_= ;"_-_" (5.65)
/

• Its solution will have the form:

'i

I' _=-7_-l_ _ '"ut + %. ( 5.66 )

Hence, we can find the sought quantity m x with an error arising as a

result of the presence of low roll damping with low rotational

velocity.

These are come particular examples of aerodynamic characteristic /294

determination by the ballistic method.

More general methods for determining the aerodynamic character-

istics can be found, for example, in [13 - 16, 54]. However, dis-

cussion of these general methods goes beyond the framework of the

problems posed in the present book.
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5.8 Results of' _• ,_oma Aerodynamic Studles

In this section, we examine the results of some aerodynamic

studies made using the ballistic method. Measurements of the aero-

dynamic coefficients, determination of the flow pattern around the

body, study of' the near and far wake behind models constitute the

majority of ballistic studies. There have been a large number of

ballistic studies in which measurements were made of thermal fluxes,

radiation characteristics in the layer behind the shock wave, and

model melting. We should also mention studies to measure the base

pressure, determine the point of laminar boundary layer transition

into turbulent, measure the friction coefficient, and certain other

studies.

J

i) Flow patterns around bodies. The primary experimental data

obtained in aeroballistic ranges in the form of photographs of the

flow patterns around models make it possible to obtain many data

useful for the development of theory and for practical needs. Many /295

studies have been made of the various characteristics of the flow

around models, such as shock wave standoff near the stagnation point,

shock wave shape, position of the sonic points on the body surface,

and others.

I In certain cases, special techniques have been developed for

study of these characteristics, for example, the photoelectron method

[53] for measuring shock wave standoff near the stagnation point.

Figures 5.46 - 5.48 show shadow graphs of the flow around models

of very simple bodies of revolution.

Figure 5.49 shows the dependence of the shock wave standoff A,

referred to the model diameter d, near the stagnation point of a

sphere on Mach number. With increase of' M, the value of _ _ de- /29(,!

creases: sharply for small M, and weakly for large M. In the hy!)cr'-

sonic region, the shock wave standoff amounts to 0.065 times the

model diameter. Figure 5.50 shows the relative ma;_nitude of the

332 i
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f i...........................-I ....I................I....................
.....: . relative .".hockwave standoff 1:4[ ] • ,_ ;.

-- lutlon in argon versus M. _.__i _._ L M/] .rl],,a ....

" wave standoff as a function ,,,, -

of ,,',k',for models of _............................_
u u_ _ _ al_

ellipsoids of revolution for

M = 4. Figure 5.50. Experimental depend-
ence of relative shock wave stand-
off A/d ahead of ellipsoids of

Figure 5.54 shows the revolution on ellipsoid semiaxis

results of shock wave standoff ratio

- _ ....... .....o..¢ -- M"%o ....

Figure 5.51. Experimental dependence of rela-
tive shock wave standoff ahea _ of segmental front

surface on M

measurements on a hemisphere in gases with constant specific heat

_atio. In plotting the standoff as a function of the quantity

;:T-i,it was found that in the selected coordinate system, the ex-

perimentally measured standoff values for all the model shapes exam-

ined lie near straight lines, whose slope is independent of M and

varies only with change of the model nose shape. On the basis of

this fact, approximating formulas in the following, form wer(_ pro-

posed in [18]:

(I L¶!1 _- |°

ira
I I IIIII I I
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• _i "_o

: ,'-"--__"-_-_"_n _ _ _ _ _ x _-_._..
.:. x*!

. Figure 5.52 Ex- Figure 5.53. Ex- Figure 5,54. Experi-
perimental depend- perimental depend- mental dependence of

- ence of relative ence of relative relative shock wave
_ shock wave stand- shock wave stand- standoff on hemispheri-

off ahead of el- off ahead of el- cal model on the para-
lipsoid of revolu- llpsoids of revolu- meter ,-t,-:_
tion in argon on M tion on specific

heat ratio K

where _, c, and n depend on the ma'gnitude of the ellipsoid of revolu-
7-

•. tion semiaxls ratio a/b.

It has been established in several studies that the dimension-

)_: less bow shock wave standoff is invel,sely proportional to the gas

density ratio in a normal shock wave f'2/_',• The empirical relation

for ellipsoids of revolution was obtained in [18]:

_,,_,, ' (5.67)

which agrees well with the expression for the hemisphere obtained

in [19]: _= o,_ .
....= f':_'h

The magnitude of the specific heat ratio may chan_;e at h-l._h

flight speeds upon passage throu_h a comprc_s_-_io)_shock. Dup_:ndin)_ o,-_

the stagnation temperature, there will be excitation of the vlbra-

tional degrees of freedom of the gas molecules, dlcsociatior_, anal

.r ionization behind the shock wave. The_ physlcal proc.cs,_._,_ _, :_fV<:,t't

the shock wave standoff near the sta/_natlor_ i>oint. F:ICu_, 5._,_;_',;_;v::_

data on measurement of the _:_hockwave standoff from _ir_S rnm.-dJarrlcter
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r:_:)_ " i I I

T'

sphe;e in a gaseous medium consisting

.. of 60% xenon and 40% nitrogen at a d .........

pressure of 20 mm llg and velocities 0_ -

to 4000 m/see [20]. The upper theo-
retical curve i corresponds to the -_---a__

"frozen" flow case, when excitation _I_.............8 _ i_ _---_---I_I_ M

., of the vibrational degrees of freedom

: ....... and dissociation can be neglected. Figure 5.55. Influence of
i. The lower curve 2 corresponds to fast vibrational degrees of

freedom and dissociation
,_ excitation of the vibrational degrees

on shock wave standoff• , <

of freedom and dissociation of the

- gas, so that an equilibrium process

: is realized. The experimental values 3 lie between these theoretical

curves. The results show that delay of dissociation and excitation

: of the vibrational degrees of freedom is observed in this case for

:7 M < 17. For M > 17, this lag is considerably shorter than the gas

particle residence time in the space between the shock and the front /299
o

.- of the sphere.

_ In addition to shock wave standoff, the shadowgraphs were used

to measure shock wave radius of curvature near the stagnation point.

Figul'.,s 5.56 and 5.57 show the

results of measurements of

this parameter for various el- Rw ............]--! _.

It i • m,¢.O
: lipsoids of revolution and ! _ :_

: bodies of revolution with seg- .V ........

mental nose of different V_ _ " ird' l_J

_i,._ radius. Figure 5.58 shows ,%0 _,_,._"2-i I-',.--_-L--_

_m. the shock wave shape ahead of .... 7 _ I

,, a sphere for several values /;"-','\_/.._.-'_'--- .-_'- "----,-_" -- ........-_L___ '_/_.---

o: o ......... _L_
•-- J 5 _ .q '; IJ' _

Measurements were made

in [21] in free flight of the F_gure 5.56. Experlmcntal d;Fcnd-

:- sonic point location on the ence of shock way< , radius of eurva-
". ture near _tagnat_oh point ahead
.- model surface. Flow visuali- of elll_,solds of' r_:vr;lutlo_ on M

zatlon was achieved by creatin_

.... _ , , ":---'_" ...... " IEE I I I IIII II II I IIII I
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/ artificial _)oughness on - I "° _.-2
, 0,,;.<,;

the smooth mode]. In the / ,IJ,1,,,.,

about 0.05 mm deep. Dis- ' ); , ,,,. '

• turbance lines were ! _ !_,"J .[ P "1 , I
-'4 ILt:[""-[.[T!_-"_q, l '. I -,- ] ,i

clearly visible on the 2_ IIL.,_ _:II qI
shadowgraphs of the flow I _..,'k__-. t _i ,_,°o [ 'l [ J .,-' | i

around the model in the I _ "_ | ' : '| | ] i ' I :
local supersonic flow t,0...... ,._._-_ _. _.,_ :._,_-,.a,-;

• J_._L__L?_L__L. !....._ .... ;__ '.... ]
regions. The sonic / 2 # # # s / ,_ # #.' _' ._' <<

M
,.. point location on the

model was determined on Figure 5.57. Experimental dependence

• the basis of the appear- of shock wave radius of curvature near
stagnation point of segmental front

ance of the first dis- surface on M

turbance lines.

°7,,
i . "f

" 121 L............... A.. _ .M__ ,._;,/

Figure 5.59. Shadow-
graph of flow around nose
in the form of an ellip- Figure 5.58. Shape of shock wave ahead
sold of revolution with of sphere for various M

disturbance lines

Figure 5.59 shows a photograph of the shadow pattern around a /301

rough ellipsoid of revolution model with semiaxls ratio a/b = 0.66'/.

The results ()flsonic point locatlon me'{surement on el]_]pso_ds ,:>f' II1

revolution from tests in air are shown in Figure 5.60. The soni(:

point location data obtained by ballistic' method and f)'_m)m_>:_sur,,mcnt

5'/'
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\

#8 Figure 5.61. Experimental dependence of
_,_ sohere drag coefficient on M

40 ......

' _a • _-- of the pressure distribution in wind tunnels

...... _ _7 yield satisfactory agreement.

• I 2 3 4 5 6
2) Drag coefficient. The drag coef-

..... :., Figure 5.60 Experi- is easier to measure in ballistic experi-
mental dependence of

ments than the other aerodynamic character-sonic point location
• on ellipsoid of re- istlcs. A large number of studies have been

volution as function
made of models of quite diverse shapes, fromof M
very simple bodies to models of flight

vehicles of complex form. We shall present

data from systematic studies of the drag coefficient of spherical,

_- ellipsoidal, segmental, and conical models.

- The largest amount of data has been collected on the aerodynamic

characteristics of the sphere, whose form has become traditional for'

the basic calibrational models in various aerodynamic laboratories.

Figure 5.61 shows the results of a study of the relation (:, f(M), /302

obtained independently in severa] laboratories by the ballistic

: method. In [27, 28, 29], the experiments were conducted by launch-

ing spheres into air at rest, while in [17]the experiments were con-

_ ducted in an aeroballistic tunnel. The data shown correspond to the

... high Re range (106 and up), The relation _',_M) has the character-

... istic form with marked increase of the dra;_ coefficient in th_ M j

338
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region and smooth deer, ,f_,:_c: el' C f_)r M _". '). Fo_, M :-,', the ,>['Ih_',_!

:_ drag coeffielent is praetle'_l]y _ndependent of M.

Measurements were made in [27] of the drag coefficient of a

,. sphere in various gases• As a result of these measurements, it wa_

._ possible to plot the experimental curves as a function of the speci-

fic heat ratio _.-_c_/c, (Figure 5 62) Argon (_ I,(;7)was used as the

_._.,_,•_,._ monatomic gas, air(_._1./,)wasused as the diatomic gas, CO 2 (_,-_t.2!_)was

!_iiii_.! used as the triatomic gas, and Freon-12

_,:.. (_.=1,139) was used as the polyatomic gas.._,s,o 1,02

_3_ The experimental results indicate ,_.

_"_,.,,_"' that at supersonic velocities the blunt 4_+

body drag coefficient depends signifi-

" cantly on the magnitude of the specific _# - i,

.... :. heat of the medium• 486 , . , ._---_-_

_" Figure 5.62. Experl-
_ The results of ellipsoid of revo- mental dependence of

_ _.. lution drag measurements are shown in sphere drag coeffi-_'. cient on
.! Figure 5.63. These measurements were

made cn models with ellipsoid semiaxis

"" " (a/b) in the range from zero to two. _ .......... ....... J

_i._:,_.. I_ •4_ I

coefficient of segmental bodies of I

revolution are shown in Figure 5.64.

The drag of models with various ratio _ O_ _I _5

of the frontal surface radius to the

_ . radius of the cylindrical part of the Figure 5.63. Experi- /_
mental dependence of el-

_<.ii<' model was measured in the experiments, lipsoid of revolution
_,;,!i_,,--. The most rounded model was the hemi- drag coefficient on

_emia×is ratio

__._ sphere, then the blunting was in-

- creased; for RI/R 2 = 0, the model was

'_ the flat end of a cyllnder,..,and for n_,catlve_ valu'_....- of _]/I_,c the-.

"" frontal surface was concave• The drag increases monotonically wlth

i
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............. _-_" ]'_"'- ._. ] Newton/an t, hc, or'y

1] Ir"°'_ ,

.......

Figure 5,64. Experimental dependence of the drag
,,,:, coefficient on the radius of curvature of a seg-

mental frontal surface
i ,_,_.

=_! reduction of the ratio RI/R 2. The concave surface has somewhat

:"'="/ higher drag in comparison with the flat face.

' _°:.. /304
_._ If we relate the drag of the segmental body to the drag of the

_m sphere, then in the region of positive values of the ratio RI/R 2

0 _ R I R 2_.. we obtain a universal curve which depends only on / •

! _/_ .

' _-- This curve can be approximated by the expression:
,}_,

c,_.,_,_._ + (),r_,s- - o.s. s (5.68)
C,N _

•._;__ This expression is valid for supersonic and hypersonic velocities,

',_..: corresponding to 3 ."...M -C.I:,.

g

_- Figure 5.65 shows systematic results of a study of the drag co-
_L efficient of the sharp and spherically blunted circular cones whose

_ :- geometric data are given in Table 5.4. Re was of the order' of

...... . Lo_-',, (7- 12). , i.e , corresponding to the flow region in which viscous

a interaction is neF,liF,ibly small. These resu]t;; were obtained in [30],

and are compared with the data of subsequent theoretical caLcula-

tlons [31, 32, 33].

.t

_. 34 ()
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, TABLE 5.4 _

r .. 0o )' rlD Itl l._ tit, ). rl D I hid

t5 ° ! ,0 C) 0 35 _ J ,() () 0
15° I),H 0,13! 0 35 ° (),M (Lt.q 0,5'._3 ]
t5 ° O,fi O,2Hl (),5:13 3.'P O,G (h38 0,533
t5 ° 0,/,. O,;l!ll (),.g,33 Id_° t ,0 0 ()053"}
2/, ° 0,8 0,15;_ (),533 .",(_" 0,8 0,275 (),.,:_3
24 ° (),fi 0,3()(i 0,53:1 5(I ° (),(i O, f_d) (),5:}3
24 ° 0,45 0,422 0,53:| 7()o I ,o 0 0,533

r '*

::. Translator's note. Commas in numbers represent
_ decimal points.

: CZ I -
The experimental grids are /.w_-_I

presented in the form of cone Cx ............... ,,,4"

versus semivertex angle 8s for /2. :_ _:_.'__ .......'m=82-.,_,

various values of _he aspect _s _ 1.......
ratio >. I'I. in the range M -- 8 - -- r/ I

0
?

14, when the drag coefficient is i

..: stabilized with respect to M. ' _2 _-

:_-. These curves form the region of " i
o -.

_ drag coefficients for any possible I_ I __! /305

" pointed or blunted cones. The o _.c_ 40 oo ,_o _" :
I'

solid curves are drawn through

•• the experimental values and the Figure 5.65. Experimental de-
... pendence of cone drag coeffi-

values obtained by interpolation cient on semivertex angle and

of experimental data; the dashed bluntness

• curves are the experimental values

of the drag coefficients of the spherical segments, into which the

blunted cones degenerate in the limit.

The dashed curves correspond to the blunted cone drag coeffi-

cient, obtained as the sum of experimental drag coefficients of the

• spherical segment and the conical surface. These values may differ

somewhat from the actual values because of interference between the

blunting and the spherical surface. However, in most cases, this

interference is small, and amounts to i0% only for a few configura-
:

"', tions. Since the base pressure drag contribution is less than 3% /306 I

]
34]
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(for large M and Re, good agreemer!t was foun] between the experimental
J

i_ data and the theoretical values obtained without account for frlction
_ and base pressure.

i_ In the range of moderate cone semivertex angles (up to 40 - 50°),

! two parameters -- cone semivertex angle @s and aspect ratio I -- have

_, a significant influence on the drag coefficient. For large values of

e there is very little influence oi' the aspect ratio on the drag

coefficient. In this case. the pointed cone drag agrees with the

: drag of the corresponding spherical segment inscribed in the cone.

_ For es > 50 ° , the flow around the pointed cones is similar to that

around blunt bodies. This is seen in Figure 5.66, which shows a

shadowgraph of the flow around a sharp cone

with e = 70 ° for M = 9.8.

i_ s

3) Pressure measurement. The method

of measuring the pressure on free flying

bodies with the use of a rubber membrane,

which has shown good results, was used to

measure the base [34] and the stagnation

point [35] pressures.

Figure 5.66. Shadow-
graph of flow around

The method amounts to the following, narrow cone model wit_

A cavity located in the base of the model is large semlvertex angle
by departing shockwave

sealed by a rubber diaphragm. In flight, (es = 700 with a cylinder
under the action of the difference between at M = 9.8 and Re

the cavity pressure Pc and the base pressure 9.4 ' 106 )

Pb' the rubber diaphragm deflects, and this

deflection is recorded on a photograph of

the flying model.(Figure 5.67). The models

with the rubber diaphragm are calibrated versus pressure difference

prior to the experiment, as a r_sult of which ,ze obtain the diaphragm

deflection dependence on the pressure difference Ap. In analyzing

the experimental data, the inertial and frequency characteristics
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...... _t -_ ........................... _ _S

z < r :I
|i,

..... L_---_.

Figure 5.67. Shadowgraph ---_o--
of hemisphere-cylindrical ........ _0...............
model with diaphragm-type
pickup for measuring base Figure 5.68. Construction of model

pressure with diaphragm-type pickup for meas-
uring stagnation point pressure:

1 -- winding; 2 -- diaphragmof the diaphragm and also the

deviation of the gas expansion

process in the cavity from an isothermal process were taken into

consideration.

For measurement of the stagnation point pressure, the cavity in

the base of the model, covered by the rubber diaphragm, was connected

by a passage with a pressure pickup at the stagnation point (Figure

5.68). Since the magnitudes of the measured pressures amounted to

several atmospheres, it was necessary to use rubber diaphragms of

grester thickness than when measuring the base pressure. In this

case, the pressure difference Ap is determined by the difference be-

tween the stagnation point pressure P0 and the base pressure Pb' with /307

account for the correction 6p due to the inertial forces acting on

the membrane:

Ap = Po--Pb--_p"

The quantity Ap was determined from the calibration curve as a

function of diaphragm deflection, and the base pre_,sure was deter-

mined from previously conducted experiments for the same M and Re

conditions.

Figure 5.69 shows the ratio of the stagnation point pressure

to the static pressure Pl as a function of M. The experimental

3_3
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_, points were obtained for Re on the order, _ ..............

of 10 6 The dashed curve corresponds to .......... _i• ]I

.... calculation using the Rayleigh formula• 7 .....

Figure 5 70 shows the base pressure 6 ..... /-- ....

measurement results 5 .... _ ....." On_

- 4 ...../ ........
,/

L _

4) Study of the staging process. _/_Z-........

- In analyzing the separation of parts or _ ._ z; _M
o-

- individual stages of flight vehicles in
,_. Figure 5.69• Experi-
._._,,.. supersonic flow, it was found that the mental hemisphere
-:__: flow characteristics obtained in wind tun- stagnation point

nel flow tests of stationary models spaced pressure dependence

on M

at various distances do not reflect certain

_. essential characteristics of the stag-

....::_ ing process, particularly for small dis- _/_

tances beLween the separating bodies• 4_ %° Air,

_- Specifically, marked change of the N 1 atm

=__==. static pressure _ increase of the rare- _ "_oo

faction in the separation zone _ in ._.

comparison with the flow around the

stationary bodies was noted. The gas _0 ___ , , , . , _-

parameters in the separated flow region
Figure 5.70. Experi-

between the bodies depend on the rate of mental dependence of

separation, even for a very small magni- hemisphere-cylinder model
_, model base pressure on M
_ tude of this in comparison with the ap-

t,_ _ proaching flow velocity. A theoretical

_L explanation of the phenomena in the stage separation case and experi-

_._. mental data obtained using the aeroballistic method are presented in /308
-_u_.

[36, 37]. If two bodies positioned coaxially in a supersonic stream

. separate with small velocity u s , and the distance between them does

not exceed some value L. (on the order of several calibers), depend-

= ing basically on the transverse dimensions of both bodies and M ,

_ the flow around the bodies takes place with the formation of a single

" separation region. The supersonic flow separating from the forward

body attaches to the second body near its outer edge, and a free

boundary layer develops between the outer inviscid flow and the gas

344
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In l;ll(_ '_c'pa.Pat]orl '/,Oll_'. .ll' thCP<' I :_, .P_:']:lt]V_' V_ .1<_(_:]1.5' <Jl' 1.1J_' ii_J_ll,':',

the f'low b(;tw('(;n l,hc,m w_l]l b_.,unst¢_ady. Wh¢;JJ mr)_J_llr:; _, _,lJ__ ::1,:_;_,l_J/,]

pr(Joo[I;3j ]'b i[_ FI(]UOSG;tP,y to II1;_t]llLlJ.]rl_ ]_l ;tdd:ll,l_Jt_I,,)/'_('t)lllC'[J']('. ',i]llll-

1.gtlY]_L,y_ l:t COl'lS'bD.nt, Patio of the sel)ar':lt:i_lJ ve.l()(.]l,y t.(_ 1,h¢_ .l'],¢.'_:.-

stream velocity u]/v .

Figure 5.71 showr sequential pletuPes of the stat;ini; c,f a com-

posite model fired from a i00 ram-caliber gun with velocity e0zrc.-

i-: spending to M = 3. The model consisted of a conical forebody and a

_ c. ,-R__., q'_--.,v d ....... >..a ........ _.; _-,,-_

Figure 5.71. Shadowgraphs of flow around cone
at various instants of time as the cone separates

from a cylinder

i°

cylindrical afterbody. The afterbody, having; h_gher drag (per unit

mass), gradually lagged behind the forebody ir_ flight. M_asurem,_,nts

were made of the base pressure on the cone usinE a rubber mcmbrun<

transducer. Pigure 5.72 shows th,<,res_]ts ,.f m,__aLzUr'cm_.nl<)f t,h,_

of' the base pressure coefficient Cb as a f'uncti_;n el' _I_, t'{__]:_,]v,.

( ')distance / f -i_ betwe_:n the stages . mr' GO(:' 1 t1_11 [ _),:l',q j ',: '] IIt]tl].|llUlI_ C -[ _[

uf 1.he b;__se [}Pessure for ;.;iflall distallc_.:; |.,(21,w_., r_ _h,. t;,']":l':ll. [!,;'<

s t a 1';',.*_:•

!L
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As is well known, with increase el'
Cb

the distance between the separating ' oF---T- .....F......
I

stages up to some value, there is re- "_Q_ ___
structuring of the flow, accompanied by

closure of the boundary layer on the "_10| ' [ "+"---
I IV I

axis of symmetry, disruption of the °_ts|. I i
0 l 2 _ _

single separated zone between the bodies,

and formation of the conventional base Figure 5.72. Experi-
mental variation of co-

flow behind the first body. efficient of base pres-
sure on cone as it

Figure 5.71 shows various phases of separates from a cylin-der

the flow restructuring: deflection of the

visible edge of the separation zone toward

the axis of symmetry, closure of the edges at the centerline near

the second body, and formation of the base flow. Here, the restruc-

turing distance l, is equal to 5 - 6 calibers or more, while in flow

tests of stationary models for the same conditions Z, = 3.5 - 4

calibers.

In many practical problems, it is necessary to examine the pro-

cess of separation from a flight vehicle of a comparatively light-

weight and small structural elements -- for example, the plate

covering the flight vehicle afterbody hatch. The positively ejected

coverplate travels in the base flow region, experiencing very low

drag, with nearly const_nt absolute velocity. The vehicle body /310

experiences considerable deceleration under the action of the aero-

dynamic forces, and its absolute velocity decreased markedly. There-

fore, after some time the coverplate may again begin to approach the

main body. T_lis convergence has been observed repeatedly in con-

ducting aeroballistic experiments. However, if the initial impulse

is sufficiently great, the coverplate will begin to ,_xperience con-

siderable deceleration at some distance and will lag behind the body.

Figure 5.73 shows shadowgraphs of a flying mode] with a sepa-

rating coverplate. Experiments showed that the r_quired initial

coverplate ejection veloclty for the mod___] t_sted amou_t<,C I.,o 2Z ,,I'

the flight velocity, it is obvious thut tl_( m'_n_t_d<, of tl_

34 6
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c]t,y dc[ _tlr];_; _ti i.ll_.

I ,, ]f_J.t].() O_' tht: t£'iLIl;',V_.r.",.',_:
, i

I._ dilnenslons alld 1.hc:,

masses o:['the sel._arat- _

_" in[_ bodies. _ .:_

5) Measurement of " j ' "'_× ___3 ;
thermophysical eharac- a

teristics. In this sec-

tion, we shall present

_} some examples of meas-

t

urement of the thermal

._; fluxes, melting, and gas

_- radiation characteris-

:_ tics for model flight at

" high speeds There are

; three techniques for i:]

j_ measuring thermal fluxes b
I

!! on free flying models _ Figure 5.73. Shadowgraphs of flow
" around moJel with attached (a) and s_,_,a-

z_ using telemetry, c_lori- rating (b) coverplate in the bas_-, reKion

metry, and determining

material melting onset.

The first technique is based on u;:ing thermocoupl{, meusur_:munts

on the flying model (see §3.11).

Figure 5.74 shows the the'final flux ;.,:_; ;.i furJct_{ rl of v, lo-ity

J'rom measut'em<,llts II];l,J(' ]rl -J.]):' [3:;:lJ. h]z:,o ;:h(,wtl "_r'< 1,h, !}_, o1., 1,; ,'_1

ctJrv(.: ['J["OHI [40], _.nd t:hu i:x[,t:r]mc,[Jl.,'J_ d;ll ;._ ')bl.; :illl_:'J ]tl ;:J_'"'I': 1 UI"

<.:XI_t'I'J IIIL"t 1 [3 .

U]'] _:" t}J,.' :L_I;,,Ut}! ,._ 1!" t ,_.',lU]!";' _,', 1 }" fh,,'J, _ ,]_]!' r_t I ] '!, ' ', ,' ,

1 i_, 1'.'1 !!', _;' 'I I', ;'_1 il, , i' ;,, _'," i._'!,' lh_ ' l,l",;:ir,i i " ' I. " "" _' }' ' ..... -

I ,I i _ !rl,,llf, ! _,i' i1,.'!1 ];', lip ' ' _I' 1
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The drawback o1' the method is tim' q'kcal
Po_ OJ,..

measurement o[' only the average thc, rm;tl m2.sc, c i __00_

flux, and the primary limitation is 60"/0_ _,Bal. ranF.e/", test
the high velocity, when the model los_;s ,'Shock tube /

, some of its mass in flight as a result &9_''

L of melting or ablation. Figure 5.75

i shows the thermal flux, referred to the /311

I, hemisphere frontal surface area, as a 3. _ , . x.
3 4 5 6

function of velocity, which is compared v,m/sec

i with the theoretical calculations from
Figure 5.74 Experimental

I from [40]. dependence of thermal

I flux at stagnation pointof hemisphere on the velo-
! Finally, the third method, based city, obtained by passive
I telemetry
Ii on indirect thermal flux determination,

involves determining the onset of model

melting [39]. The calculations of the q' kW/m2700r ],
6001_ P

thermal flux are m_d_. in accordance with 500._ fl
400[ /I

the path (and therefore time) traveled _I /
prior to the beginning of melting. Figure

5.76 shows the thermal fluxparameterl/-_a- _ /_l
q, p; (where R- hemisphere radius, p_- _ /_,

total pressure at the stagnation point) as _u.__//,_c7 ! !

a function of the difference (h%--h,)between l z _ ._ /312
V,km/sec

the stagnation enthalpy and the wall en-

thalpy. Also shown are the points obtained Figure 5.75. Ex-
perlmental dependence

by passive telemetry and from shock tube of average thermal
experiments, flux, referred to a

hemisphere, on th<,
velocity, obtalrJ,_'d

The ballistic test method has been by cal_)r'irnetry

used to conduct experiments and determine

the initiation of mode] melting. Thc_ authorz el' [41] obtaln<,d ::u{,_J

results on hemispherical models made from Wood's alloy.

Fi_:,ure 5.77 st_ows shadowt;eaphs ,_f the, flow "trour}d a Inod,;] _l,

the bei_iizming and end oI' th,::, t, cst z'_'_nC,<'. Whil<, n_ v h.'trJ;;, _ ,,l' tt_,

mudcl rlose :;t}ar)e is ob;;cl'vcd in the first picture, i;_ tt,, ]'_::t

34 '";)
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pictures we see th, meltlnl_ proc(,,,s A

i'ilm of molten metal f]ows from the um] 2%
Itrailing edf_e of the model, and Jz drawn

into the base region• We also see the _.:_
f I_$<

characteristic dust-like wake leaving the _l_n /_!_y/,

model surface in the reglon of angular _. _ ./._._/
coordinate values 0 50' K. Toward the -_" "1 ///':_Y"

end of the flight, the model acquires the __ _
characteristic spherically blunted cone i"

_ I |

shape. 0 _0 _o _u ae r_nm6

(J,0-hw),J/kg

' Figure 5.78 shows the curve of mass
Figure 5.76. Experl-

. ablation (along the normal to the model mental dependence of

surface) as a function of the angular co- the parameter _ Z on

ordinate e. The ablation magnitude is the difference between

nonuniform along the contour, and has a the stagnation enthal-,.....

peak at 0 = 2.T' According to the authors py and the wall en-• thalpy
of [41], the ablation peak indicates the

turbulent nature of the heat transfer at

small distances from the stagnation point.

Results were presented in [9] on . /: a b
melting of aluminum models and models

"- made from materiai_ with quite high melt-

ing points• Interesting phenomena were

discovered, associated with interaction /313
C . . ._

of the test model material with the hyper-

sonic air stream. For example, in the Figure 5.77. Shadow-
. aluminum model melting case, the begin- graphs off flow around

hemisphere models
ning of material ablation from the model melting in flight
surface was accompanied by a bright flash,

which was seen on the pointed cones wlth

. weak air radiation intensity. The brightness of the f]ash <xcccd,.,d

by about a factor of I000 the air radlutlon intensity In th,, '.'hock

layer.

- 5/1 ,.,

• • ...... _,"--L'I: E .... ' ...... Y
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L<I' Alumlure
[ yet hy ] erie

,_ radiation

Vel°city"_}mlm/sec Lexan

• " 3 - I,;f4

mental dependence of mass 2
_" ablation from hermisphere / __ _

model on angular coor- 0 _ . .
° dinate _ _5 _i _g_ _3 _5 _z _

Figure 5.79. Radiation spectra in
Comparison of the shock layer near models made from dif-

radiation spectra in the ferent materials

shock layer for four

different materials: aluminum, polyetkylene, GE-124, and lexan (poly-

•_ carbonate) (Figure 5.79) at launch velocity 7000 m/sec, and static

density 0.02 times the atmospheric density, showed that the differ-

ences in the radiation spectra in the shock layer are due to differ-

ences in the model materials• The difference in the IR part of the

spectram is particularly strong. These data indicate that for a
o,..

definite flight speed and altitude, ablation product radiation may

be a source of considerable heating, in certain cases even greater

- than the heating owing to air radiation, particularly for materials /314

similar to lexan. The radiation spectra of the ablation products in

._ the shock layer and in the wake behind a model made from GE-124 are

.... qualitatively the same (Figure 5.80). These spectra were obtained

by excluding the air radiation spectrum from the overall radiation

spectrum in the shock layer and in the wake. The radiation spectrum

of the air in the shock layer was determined in experiments with

aluminum models, for which there was no ablation at the giw2n tom- /315

peratures.

Figure 5.81 shows the total radiation ezlergy behi_Jd a dctachud

shock wave for high model flight velocities In the 1,1_erm,_:,dy_:..,:rJ_1_'.

equilibrium case [42]. A more detailed study of the radiation st,co-

" tra in the sh<__ck ].;:_y_:.z' arid in the wake behind l,h,: b¢:dy w:_:: mu,],, !r.,

[43]. l"]/,;ure 5.82 shows the radiation sp_:ctPum ['o_' :_ IyDJ,"._I m,.>,J,,]

?

............. ,.7? ..... .7 .... __
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tl •J, W/pm ohock layer

...._._ ,0'[ ,..- Lexan _,
// _'""-- o_ o-Aluminum

A /_ ..... _ 104O_-Polyehty lone
4 1 ,-0E-124 i _A:! ,/Wake °

VMaterialGF-,24 _ '01 t_ _0'

I0_[ , %_O°°°v

I Velocity ~ zooo,m/sec lOZ[ . ....J , . i V,m/sec
_, 6" 6' lo 12./0s

.... J.-_- Figure 5.81. Dependence of total radia-o ,;.7
tion energy behind shock wave on velo-

Figure 5.80. Comparison city for the thermodynamic equilibrium
of radiation spectra of case
model material ablation

products in the shock _9w
layer and in the wake _ I

behind the model 2 .I _.CN(_) _ .

-; !,'" , N

The spectrum consists of ';#_C_artlC/_e_ -

continuum radiation due to

0 Ion-electron interaction,..free electron interaction .... , ,. ......
_z 0d _ 0,8 _0 t_A,p m

with atoms and ions, and

the continuum radiation

owing to the ablation pro- Figure 5.82. Radiation spectrum near
spherical model subjected to ablation

ducts. The molecular spec- for flight velocity 6.6 km/sec

trum was represented by the

N _ (_--)and N__(2+) band systems and by the CN band (violet and red)

systems, which are usually present in the boundary layer or in the

wake behind the body. Moreover, there are also atomic lines. For /316

example, the bright hydrogen line 2478 _ and the strong nitrogen

atom line located in the red part of the spectrum were recorded.

This spectrum was recorded during flight of a sphere with velocity

6.6 km/sec in air, with statlc density p amounting to 8% of atmos-

pheric density. The characteristic soe_trum[_ rccordi,_g time was

only 0.05 m sec.

6) Stud_' ()f' wake cha_'uctcr'istlr, s. ]_ r'cc(;r,t ,y,_!:J._'_3, t[i,, w:,k,.

pr, oblem has raised considerable intcrr:st amon_ C'_sdyn;_1_:IcI';ts. WLI ,-
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proviousl,v this problon] was ]mpor, tant on]y In asl, ponomy :In cormc,¢-l.l_)zJ

with stud,v of the wake behind m{_.t(..opit]c l)od3(_, In J:,_,(:_,l_l. ,V_,aJ:,:_ :I1.

has taken on great practical iml)ort;mee in dotc,(-t Irig ba] .[1 _:tJ ¢: ;ll:I:'-

silo noaecones, and i. rad]o comlllunic,'ltlorl with 2,pacr:er_J['l. du1']JJl';

their entry into the dense layers of the atmosphere. One of the'

basic methods for studying the wake is the aeroba]llstlc method,

since the supports required when conducting tests in wind tunnels

introduce considerable distortions into the wake flow.

The wake of a body traveling at supersonic speed is usually

considered to be that part of the flow which passes through the

boundary layer on the surface of the body and then enters the region

behind the body (Figure 5.83). This part of the flow is the primary

Inviscid Trailing
• Bow wake shock wave

Boundary shock edge_-_--_-"
la'er wave_/"_

viscous wake__

**='*_@_*_** Turbulent[_
reglon viscous_

wake Breakthrough
region

I Figure 5.83. FJow in wake of model traveling at

supersonic speed

source of radiation and free electrons. In the case of very slender'

bodies, the wake generated by the boundary layer is primary from the

viewpoint of optical and radar observatlons of the flowfleld. On

the other hand, in the case of blunt bodies, the strong bow shock

wave ahead of the body is a second _ignlficant source of electrolJ_

and radiation.

At supersonic speed',_, the wake subd_vldeb .[t_totwt, I>ar_';--tht: /517

viscous ware ar_slng as a result of vlscou:; IrJtt,_.;_,-t.i,__n wil, l_ Lh,.,

body, a_id the invlscld wave ari_:tnL; a:; a r'erult of h__,al.:Ing ttJ th,,

3 5 2

L_

O0000004-TS E12



L

i t i I I + I

J
P

.r ',_hock wave, prlmar:lly in the inv:_seid part of' the flow. At comp,'_.r,a-:[
t
I tively high Re (above i05), the vJf_cous wake.'becomes unsl,ab].c,arid,

_[ at some distance downstream of' the body, transitions I;o turbulent

l "; flow. At some moment of time, the Inviscid wake 1.s completely I'll.led
:t

......_ by the viscid wake, which breaks _.hrough into the surrounding cold

i[ . gas. This leads to changes of the physical processes which influence

]i]i!i the reflection of radar signals and the visible radiation level.

_+ At the present time, various methods have been developed for

studying the gasdynamic and electrophysical characteristics of the

wake on models in free flight: measurement of the wake geometric

_ on the centerline and across
characteristics and the velocities the

. wake, determination of the region laminar wake transition to turbu-i i lent, measurement of the electron concentration and temperature in
the wake, and so on.

Figure 5.84 and 5.85 show shadowgraphs of the flow around a

., ....: sphere with segments of the wake at various distances from the model

" [55]. Such photos are the basic experimental data from which we can

determine by measurement

such wake geometric

characteristics as, for ,,,_

I . ,j

example, the wake width

at various distances be-

'.io' hind the model. Figure Figure 5.84. Shadowgraph of flow around
5.86, taken from [44], sphere with large turbulent wake segment

for M = 2.8 and Re = 2 • 105
shows the development of.°

the wake width behind

spheres for different M numbers, The width and length of the wake

behind the model are _eferred to the sphere D diameter. The +_,x_+er._mental

,_ values correspond to turbulent flow conditions in the far wake, where,

_' according to [46], the following wake width growth law holds:

_-,.,,,,,.t. (5.69)

Good conffrmation of this result is shown in Figure 5.87, taken from

[45], in which the experimental data for the far wake w ic_th -In ,_ir

........... + ,________

O0000004-TS E13



"" I !

'i
, I

°.

ii!:

• Figure 5.85. Shadowgraphs of flow around sphere
with sake segments at different distance_ from
the model. M = 2.65. Second photo with far

T_ T
_,_:o_. wake segment was obtained 234 msec after the
_ fir,%t photo
il

_':/ : M= ' I00

Slope ,=tla( /

V°_,_' 8 : I0 wake

%

4 ,e
_. .

." • " .._.,_,,_.... I . ....... J__.___ _ , L .... l
2 ........ I ........ I ....... J .'-.-_.==J I0 /00 I000 I000o

IC /00 /000 IO00o /O000f/a; z

o-" Figure 5.86. Experimental de- Figure 5.87. Wake development
_, dependence of wake width behind behind sphere and cone models in

spheres for different M models in far wake

_ behind cones and spheres are presented---these data obey the

expression:
,'./'

(, x '_';, (5.70_
_.._. 7;_.--.:1,4\_ ._7;/ •

"3?

Measurements were made of the gas velocities in the wake at

" various distance_ _,behind the sphere. Figure 5.88 shows the:_e rc,;;ult:3.

.... The filled trlan_le:_ irJ Figures 5.87 and 5.88 denote the maximal

- velocities in the wake. The relnalnini_ _xi)er:Irnc, ntal points were ob-

o tianed by the tlme-scan m_:th_(i, wh_,_h ,lei']!_e_tl_,:a v_rage gas part_-

.. cle velocities in the wake. We note t!_e rapid decrc_asc of the gas

........ 3'94

, • _._
' ........ .t . -- , I I ",-_ i'i ...... I ' I I I P ...... --'=
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,- ve. locj_ty in the wake. Thus at _ .... _phere [ ...... ]-]
a di_tance of 100 caliber_, Lhe v-_0_,_:,m/sec . . i _. ||

" velocity in the wakc i,n 5 - 10% _-Time-:_ean . II
• _; ........_--Local visuallzatn

._ oi' the model flight velocity, " .-Time-scan

while at a distance of 1500 call- ___"_-[52]

. ' bers, the wake velocity is only

_:. 1% of the model flight velocity. _0_ -_]- -

" Figure 5.89 shows data from meas- -I. _ _., _ _r__ z___i urement of the velocity profile •

; across the wake. These results o 500 _ouo ;,_o _.

:.. were obtsined using the tracer
Figure 5.88. Results of aver-

particle method; the particle age gas velocity measurement /320
in the wake at different dis-

travel during a short time At tances behind the model
....... characterizes the local velo-

- o_Sphere

........." _"i "'flat face
°"_" Wake ,/ ;

. i_..... "_/,'_ %0 o _,o _.j/d -_/_ %O 0 _.0 *_/1_
- • - _ _=_bD ....

• I "'Sphere

' '.!i L_' .... _ i

_ r_/i - _,_ 0 60 tqld

.... Figure 5.89. Results of velocity profile
_" . measurement across the wake at various dis-

tances behind the models

\, city at various points across _;he wake [47]. At small distances

from the model, there is a highly developed velocity profile with

maximal value on the wake centerline and decreasing magnitude toward

• 3'!,5

°" -" -.................. . -II I III
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the edge of the wake. At larvae distances (700 callbers), the velocity

pr'ofi?.e becomes more uniform and Its magnitude reaches only 2% of

the model velocity.

Studies have been made of transition of laminar flow in the

wake into turbulent flow [44, 48]. Figures 5.90 and 5.91 present

the results of some such studies.

.'t't * '."-"#

,W / Wake-marker

g _._" .:-Elec. meas.
re't " .,,All other pts

" _'_!i_ .optical _eas.

i-no upper zone limit

I°_ _ M_7-rl(spheres )

/ ,Cone o.6'" '_

k,/ _- ,. _-I0° ,-_.,(Bodles of

ans. .,o ._.,_.__,,....

_ r,8 Jo I; ,_I_ _(sphere 24 ram)

Figure 5.90. Experimental de- Figure 5.91. Results of' tran-

pendence of Re t of laminar flow sition measurement in wake i
transition into turbulent flow behind models
in wake behind models as func- :_

tion of M= Measurements were made of the '

electron density in the wake behind il

', 4.75 mm-diameter aluminum and copper spheres at velocities 5360 - _I

i', ' 6440 m/sec [49], with the aid of a microwave cavity resonator, in ._,,'_
i

which TM010 mode oscillations wi_h frequenc:! 441 Hz were excited, i!
-!

The presence of the ionized wake _n the resonator changed its complex

admittance. The linear electron density (number of electrons per i

unit length along the resonator axis) in the 1012 - 10 6 e!ectrons/cm

range) was determined from the output signal phase and amplitude

change. _!

The static pressure has a significant influence on electron

density decay. F_gure 5.92 shows the results of electron density

measurement behind copper spheres in air at flight speeds 4880 - /322

6160 m/see for f_ve pressures, from l0 to 160 tort. The electr,Jn

3>6
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density decay curves depend mono- Presslzre Veloc_.tY
_°t err

tonically on the pressure, and the n, lO"t

rate of decrease of the number of cM'_ ..... _o _/,_
tO':' .... _iJ /_,,7

• electrons increases with pressure 'Ikl_,_,. ......"/; '_;HI t_,(i

i. increase. This indicates the

significant importance of the Io_I.I_\\\ "._...._
electron capture reaction. \ \. "---L "'_,.

I0_ ..... J " ' - "---"--- _ --"_2
Interesting results were ob- 0 8 ,,_ 2,; .;:

, f0msectained in experiments with alu-
I Figure 5.92. Experimental
I minum and copper spheres. Figures electron density decrease with

[ 5.93 and 5.94 compare the linear time for _,arious static pres-

I electron density behind aluminum sures
!i

Cht -t '

-_011
b

tO_ _ -- m,,5,8_-8,e4km/sec _°°_Oooo
_ = Cu,_73km/sec "..Oos

10' "_._.. 0 Cu.5,6?km/see /0'- ""..Oo

%.°°
I0! /Oa _ *%,o

_m, 5._9--#,_9km/sec °_o
I01 I0'_ . Cu,&_ km/sec .OOo

• t = I _ I * I _ I ** °° o

0 8 16 24 _2 _O o C,_,&3_km/sec " • .
t,msec , , -_- * ' ' ' ' '--

o o,_ _,_ 44 _,2 _,msec
Figure 5.93. Experimental

variation of electron density Figure 5.94. Experimental varia-
decay with time behind alu- tion of electron density decay
minum and copper spheres for behind aluminum and copper spheres

I0 tort pressure for 80 torr pressure

and copper spheres in air for i0 torr ar_ 80 torr pressures, respec-

tively. While in the first case we do not observe any difference in

the nature of the curves, there is considerable difference in the

second case. The reason is that, at pressures exceeding 40 tort,

ablation of the aluminum begins, and thls leads to increase of the

electron density decay rate.
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Measurements based on IR radiation were made in [50] of the

" temperature in the laminar wake behind 5•6 mm-diameter nylon spheres

traveling at 3960 m/sec. The balllstie stand working chamber was

.L filled with 95% N2 and 5% CO 2. The CO 2 radiation, which played the role

..... of a gaseous temperature indicator, wss z.ecorded by a gold-plated

--- germanium IR radiation sensor and a narrow-band filter with 4.39-

_ micron wavelength• Figure 5•95 shows the wake temperature along its

axis• After reaching magni-

, . tu_es of the order of 2000 ° Nonequilibrium state of

",,l N2vibrationalmodes......../ K at a distance of twenty _° /

, / Equilibrium state of
.... calibers from the sphere, _._/_ vibrational modes

7 the temperature decreases m _ .....

monotonically, and at 200 ..

_ caliber_ is equal to 1230 ° K. _

: 7) S_hock wave i___act Figure 5.95• Experimental varia-• tion of temperature on wake center-
: The ballistic investigation line with wake length

method is used successfully

_-_ in studying the ,haracteristics of shock wave impact or the result of

_?_ incident shock wave interaction with a screen or a model. Moreover,

" this method approaches most closely the full-scale flight experiment
Li

conditions.
_,,_i

_ Figure 5.96 shows shadowgraphs of shock wave reflection from a

screen simulating the Earth's surface. The nature of the reflection

-_ changes significantly, depending on the relative model flight tra-
i__ .

i}_ Jectory height h above the screen. Thus, for sphere flight at M =
q_:!
nr_ : i. 35 and relative height _ " '_'''_.... J-__,.,,/-r,._uabove the screen, the bow wave

had a low slope. Near the screen,,the wave is transformed so thot

- its front becomes perpendicular to the screen. At this same M, but

with increase of the relative heigh to h = 2.54, there occurs the

_',_ so-called irregular (Mach) reflection with a triple point. With

further increase of the relative height, regular reflection in the

form of an oblique incident shock and an oblique reflected shock is

• established. It is obvious that to each type of reflection there /324
q

...... corresponds its particular characteristic pressure dlf _'_ez'*.n__la] at
,,,,-

o-" 358
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. lh: nature of the shock wavethe point of shock wave reflection " c,

reflectlon from th6, screen also changes with change of" M. This can

be seen in shadowgraphs of the flow around a rifle bullet, shown fn

Figure 5.97.

We shall present some data obtained in [51] in studying the

effect of shock waves which arise during the flight of a bullet,

using the notations shown_in Figure 5.98. Figures 5.99 - 5.101 show

the shock wave intensity at the point of its incidence on the screen,

relative length of the N-wave, and pressure gradient in the N-wave.

These results were obtained at Mach numbers from 1.1 to 2.6 for

relative heights 3 <h <I0.

.L:i , ",,

t, \,It a I t
L-',.-'b"I_ RJII/,o -- '- 1; I ;/L

Figure 5.98. N-wave parameter Figure 5.10. N-wave intensity
notations at point of incidence on screen

y

..._,.g.._Hw-_ "e''" %

M=/j-_ \

........... _ M01 ...... L...... L....... _ i

Figure 5.100. Relative length Figure 5.101. Ir_.._ure gr.adl,.,nt
of N-wave In N-w'-_.ve

i
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_'_ The examples conslde_'ed in thls section demonstr, ate c_)nvlncJni,;ly /3_'_,

_ " the capabilities and _idvantages of the _Ler,oball_stJc study method

_9_ . for the solutlon o a wide range of gasdyn,_mlc problems.

Aeroballlstlc tests make it possible to determine aerodynamic

characteylstlcs by an independent (in comparison with wind tunnel

experiment) method. Moreover, the aerodynamic characteristics can

be obtained at large M and Re, simultaneously.

Thanks to the absence of supports and flow nonuniformity, the

aeroballistic research method offers great possibilities for studying

the wake and base region flow characteristics.

I_I Staging, shock wave impact, and several other gasdynamic phe-
nomena are most successfully simulated in ballistic ranges.

i....

The aeroballistic research method plays an important role in

_ studying high-temperature phenom_n_ _ssociated with intramolecular

processes and radiation.
=i-.
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